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The glucose/valine reaction was investigated as an example 
of a reaction between organic solids. The reactions between 
glucose and other amino acids were studied in less detail. Both, 
the kinetics of the reaction and the chemical composition of the 
products were investigated.
Contrary to previous results, dry crystals of glucose 
and valine reacted readily at a temperature below the melting 
point of either reactant. Increase of humidity appeared to 
decrease the rate of reaction. Water, CO^ and isobutyraldehyde 
were the major gaseous products. The rate of reaction was 
followed by measurement of pressure change on a vacuum line and 
also by measurement of weight loss on a thermograviraetric balance,, 
The kinetic curves obtained on both systems were of sigmoid shape 
and seemed to be similar. The reaction did not go to completion.
The activation energy obtained was 34 Kcal/*#p.Ie and did 
not vary with particle size. The approximate "ord rs" of reaction 
were 0.5 and 1.0 with respect to valine and glucose. Observation 
by optical microscope and electron microscope suggested the reaction 
might occur on the surface of glucose and photographs taken showed 
a build up of inert product which hinders further reaction.
Analysis of reaction products showed that <X~amino acids 
and glucose react to give water, C0 and the aldehyde containing 
one fewer carbon atoms than the amino acid. Carbon-l4 labelling 
showed the C 0 p to arise from the carboxyl group of the amino acid.
A number of minor products were partly or wholly identified. There
A B S T R A Q  T
was some evidence that the glucose was being degraded as well 
as reacting with valine.
Efforts were made to find out the kinetic rules for the 
reactions of this kind, and the data were fitted with varying 
degrees of success to equations suggested by Avrami and Erofeyev 
and others0 A mechanism of reaction involving the Strecker 
degradation was outlined.
The mass spectra of several hexoses and some pentoses 
and disaccharides were obtained and analysed. No molecular 
ion peaks were obtained and the most abundant ions generally 
appeared at mass numbers 73, 60, and 31„ The differences 
between the sugars were insufficient for this to be an acceptable 
method of analysis.
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I N T R 0 D U C T I O N
A
The purpose of this work is to study some aspects of 
the reactions between certain solid organic compounds and to 
investigate the kind of kinetic rules involved.
Previous investigations of reactions in solids have 
have been carried out mostly on the decomposition of single 
organic compounds. The latter normally took places at high 
temperatures over a prolonged period. Inorganic systems are 
usually simpler than organic ones in that no decomposition occurs 
and the products are simple and well defined. Very little 
information is thus available on solid-solid reactions in organic 
systems,
61It was noted by Rohan, that crystalline sugars and 
amino acids appeared to undergo reaction in the dry state. This 
seemed to be an interesting system for study and in the following 
thesis, the kinetics of a number of reactions of this type are 
investigated. Initial investigations showed that substantial 
quantities of gases were evolved and it was therefore decided 
to carry out the reaction in a vacuum line and to follow the 
pressure change. Some measurement of the rate of weight
loss was also made using a thermogravimetric balance.
Previous workers have examined the relative rate of re­
action of a few amino acids and glucose in solution by means
3  1 2of calorimetry and measurement of fluorescence increase at
low temperatures. Colorimetry was chosen because the reaction
normally gives a strong brown colour, A very large number of
products have been found and the coloured materials called
melanoidins are apparently the result of a long series of
consecutive reactions. The relation between this brown colour 
and the sugar/amino acid reaction is obscure and the adoption 
of a vacuum line system seems more likely to lead to data on 
the primary steps of the reaction. The investigation of reaction 
in a vacuum line has other advantages i
1. The gaseous products are carried away from the 
reaction site, thus reducing the possibilities for concurrent 
and consecutive reactions involving them.
2. The possibility of prolonged pumping on the 
reactants ensures that they are as dry as possible at the start 
of the reaction.
Most of this work is concentrated on the reaction between 
glucose and valine, but the relative rates of reaction of some othe 
homologous a amino acids as well as (3 and y amino acids with 
glucose are also examined. Some chemical analysis of the 
gaseous and solid product is carried out, and an attempt made 
to identify the major and some of the minor products.
The early results led to the employment of other technique 
Some experiments were carried out with the reactants in a 
mass spectrometer ion source and this led to investigation of 
the mass spectra of sugars. Other work was carried out using 
optical and electron microscopy.
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SURVEY OF PREVIOUS WORK
(I) Chemical Reaction of Sugar and Amino Acids,
(II) Kinetics of Reactions in Solids,
1 )  C h e m i c a l  r e a c t i o n  o f  s u g a r  a n d  a m i n o  a c i d s  -
T h e  r e a c t i o n  b e t w e e n  g l u c o s e  a n d .  a m i n o  a c i d s  i s  p a r t  
o f  t h e  g e n e r a l  r e a c t i o n  b e t w e e n  r e d u c i n g  s u g a r s ,  o r  
a l d e h y d e s  a n d  k e t o n e s  a n d  t h e  a m i n o  g r o u p  o f  a m i n e s ,  
a m i n o  a c i d s  a n d  p e p t i d e s .  T h i s  r e a c t i o n  w h i c h  i s  a n  
e x a m p l e  o f  a  n o n - e n z y m a t i c  r e a c t i o n  i s  c a l l e d  b r o w n i n g  
r e a c t i o n  o r  t h e  m e l a n o i d i n  r e a c t i o n .  I t  h a s  b e e n  o f  
i n t e r e s t  t o  t h e  s c i e n t i s t s  e s p e c i a l l y  f o o d  m a n u f a c t u r e r s ,  
f o r  m a n y  y e a r s ,  b e c a u s e  i t  o c c u r s  f r e q u e n t l y  i n  f o o d s t u f f s ,  
a n d  f r u i t s  c o n t a i n i n g  t h e s e  t w o  e n t i t i e s ,
1 )  T h e  b e n e f i c i a l  a s p e c t s  o f  t h i s  r e a c t i o n  a r e  t h a t  i t  
p r o d u c e s  a  p l e a s a n t  a r o m a  a n d  f l a v o u r ,  i n  t h e  d r i e d  
f o o d ,  b u t  i t  i s  n o t  a l w a y s  t h e  c a s e  s i n c e  d i f f e r e n t  
a m i n o  a c i d s  g i v e  d i f f e r e n t  a r o m a s ,
2 )  A  d e l e t e r i o u s  a s p e c t  o f  t h e  a m i n o  a c i d / s u g a r  r e a c t i o n
i s ,  t h a t  i n  s o m e  d r i e d  f o o d  i t  p r o d u c e s  a n  u n p l e a s a n t
s t a l e  t a s t e .  I t  a l s o  e x t e n d s  t h e  d e v e l o p m e n t  o f  b r o w n
d i s c o l o r a t i o n ,  a n d  t h e  l o s s  o f  p r o t e i n  s o l u b i l i t y
l e a d i n g  t o  a  d e t e r i o r a t i o n .  T h e r e  i s  a n  i n c r e a s e d
t e n d e n c y  t o  f o a m  a n d  f r o t h ,  a n d  t h e  f o a m  o f t e n
d e v e l o p s  t h e  p r o p e r t y  o f  f l u o r e s c e n c e  u n d e r  t h e  u l t r a
v i o l e t  l i g h t .  H o w e v e r ,  t h e r e  a r e  a l s o  s o m e  i n d i v i d u a l
u s e s  o f  t h e  b r o w n i n g  r e a c t i o n ,  e . g .  b r o w n i n g  a n d
p r o d u c t i o n  o f  m a l t ,  o r  g r a v y  c o l o u r i n g .
T h e  r e a c t i o n  w a s  f i r s t  d e s c r i b e d  b y  t h e  F r e n c h  c h e m i s t ,  
*1 P
H a l l i a r d  ? ( 1 9 1 2  a , b ) «  T h e n  o v e r  t h e  n e x t  f e ? /  y e a r s  
M a i l l a r d  ( 1 9 1 6 ,  1 9 1 7 )  m a d e  a  c o m p r e h e n s i v e  s t u d y  o f
t h i s  i n t e r a c t i o n *  a n d  e s t a b l i s h e d  t h a t  o n l y  r e d u c i n g  s u g a x ^ s  
a r e  r e a c t i v e .  H e  p r o d u c e d  a  s t a n d a r d  m i x t u r e  o f  g l u c o s e /  
g l y c i n e  i n  a  c o n c e n t r a t e d  f o r m  ( 4  p a r t s  o f  g l u c o s e  t o  o n e  
p a r t  o f  g l y c i n e ,  a n d  f r  p a r t s  o f  w a t e r )  a n d  f o l l o w e d  t h e  
r e a c t i o n  a t  d i f f e r e n t  t e m p e r a t u r e s  r a n g i n g  f f t o m  3 k ° G  t o  
1 5 0 ° C  b y  m e a n s  o f  C o l o r i m e t r i c  m e t h o d s .  H e  f o l l o w e d  t h e  
c h a n g e  o f  c o l o u r ,  f r o m  a  f a i n t  y e l l o w  t o  t h e  d a r k e s t  
b r o w n ,  a n d  f o u n d  t h e  r a t e  o f  c o l o u r  c h a n g e  w a s  d i f f e r e n t ,  
a n d  f a s t e r  a t  t h e  h i g h e r  t e m p e r a t u r e s .  W h e n  t h e  r e a c t i o n  
h a d  r e a c t e d  t o  a  c e r t a i n  p o i n t ,  e v o l u t i o n  o f  c a r b o n  
d i o x i d e  c o m m e n c e d .  I t  w a s  e s t a b l i s h e d  t h a t  a t m o s p h e r i c  
o x i d a t i o n  d i d  n o t  t a k e  p a r t ,  a n d  b y  a n a l y t i c a l  e x p e r i m e n t s  
M a i l l a r d  f o u n d  a  h y d r o g e n / o x y g e n  r a t i o  s i m i l a r  t o  t h a t  i n  
w a t e r .  H e  p o s t u l a t e d  t h a t  c a r b o n  d i o x i d e  r e s u l t e d  f r o m  
d e c a r b o x y l a t i o n  o f  t h e  a m i n o  a c i d ,  a n d  t h e  w a t e r  c a m e  f r o m  
d e h y d r a t i o n  o f  p o l y h y d r o x y l i c  c o m p o u n d s ,
A  r e v i e w  o f  t h i s  t o p i c  w a s  w r i t t e n  b y  H o d g e  ^  ( 1 9 5 3 ) .  
I n  t h i s  h e  p u t  f o r w a r d  a  r e a c t i o n  s c h e m e ,  v / h i c h  o n  t h e  
b a s i s  o f  t h e  p r o c e s s e s  t h e n  s t u d i e d ,  s u g g e s t e d  t h e  r o u t e  
l e a d i n g  t o  t h e  f o r m a t i o n  o f  M e l a n o i d i n #
T h e  c a r b o n y l - a m i n o  r e a c t i o n  b e t w e e n  ( X - a m i n o  a c i d s  
a n d  r e d u c i n g  s u g a r s  a p p a r e n t l y  s t a r t s  w i t h  a  s i m p l e  c o n d e n ­
s a t i o n  t o  g i v e  a  S c h i f f ' s  b a s e .
I f  o n e  t r i e s  t o  i s o l a t e  t h i s  c o n d e n s a t i o n  p r o d u c t ,  
i t  f r e q u e n t l y  d i s a p p e a r s ,  " b e i n g  h y d r o l y s e d  h a c k  t o  i t s  
c o n s t i t u e n t s ,
L e a ^  ( 1 9 5 0 )  a n d  L e a  a n d  H a n n a n  ^  M  > 3  ( j  9^ 9 ^  950  a , h )
“b e l i e v e  t h a t  “b e l o w  a  m o i s t u r e ,  c o n t e n t  o f  1 3 %  o r  r e l a t i v e
a t o m o s p h e r i c  h u m i d i t y  o f  6 5 - 7 0 %  t h e  r e a c t i o n  i s  h a l t e d .
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B u l l  ( 1 9 I4.I4. )  o n  t h e  " b a s i s  o f  t h e  B r u n a u e r ,  E m m e t t  a n d
•j
T e l l e r  t h e o r y  ( 1 9 3 $ )  s u g g e s t s  t h a t  r e a c t i o n  b e t w e e n  
g l u c o s e  a n d  t h e  a m i n o  g r o u p  o f  p r o t e i n s  t a k e s  p l a c e  m o s t  
r e a d i l y  i n  a  m o n o m o l e c u l a r  f i l m  o f  w a t e r  a d s o r b e d  o n  t h e  
p r o t e i n ,  T h i s  i s  s u p p o r t e d  b y  t h e  i d e a  o f  m i x i n g  p r o t e i n  
w i t h  3 : 1  g l u c o s e  a n d  110  m o r e ,  w h i c h  a b u n d a n c e  o f  g l u c o s e  
r e p r e s e n t s  a  u n i m o l e c u l a r  l a y e r  o n  t h e  p r o t e i n  s u r f a c e .  
D i f f e r e n t  b e h a v i o u r  o f  t h e  r e a c t i o n  u n d e r  d i f f e r e n t  c o n d i t i o n s  
h a s  b e e n  r e x ? o r t e d .
( a )  T h e  e f f e c t  o f  m o i s t u r e .
A - c o m p l e t e  d e h y d r a t i o n  o f  r e a c t i o n  a t  a n y  s t a g e  b r i n g s  t h e  
r e a c t i o n  t o  a  h a l t
( b )  T h e  e f f e c t  o f  p H
T h e  a l k a l i n e  c o n d i t i o n  f a v o u r s  t h e  r e a c t i o n ?  T h e  r a t e  o f  
r e a c t i o n  i n c r e a s e s  b e t w e e n  7 » 8  -  1 1 . 0  a n d  d u r i n g  t h e  
r e a c t i o n  t h e  p H  f a l l s .
( c )  T h e  e f f e c t  o f  t e m p e r a t u r e
T h e  r a t e  o f  r e a c t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .
T h e  r e l a t i v e  r a t e  o f  r e a c t i o n  o f  a  n u m b e r  o f  a m i n o  a c i d s
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a n d  s u g a r  d e r i v a t i v e s  h a s  b e e n  d e s c r i b e d  9 b u t  i n  t h e  
m a j o r i t y  o f  c a s e s ,  t h e  d e v e l o p m e n t  o f  t h e  b r o w n  c o l o u r  h a s
b e e n  u s e d  a s  t h e  m e a s u r e  o f  t h e  e x t e n t  o f  r e a c t i o n .  T h e  
r e a c t i o n  o c c u r s  m o s t  r e a d i l y  i n  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n  
a n d  a s  r e p o r t e d  a b o v e ,  i s  a p p a r e n t l y  f a v o u r e d  b y  i n c r e a s e d  
p H  a n d  t e m p e r a t u r e .
F e w  s t u d i e s  o f  t h e  r e a c t i o n  a p p e a r  t o  h a v e  b e e n  m a d e  
a t  t e m p e r a t u r e s  i n  e x c e s s  o f  1 0 0 ° C ,  p r e s u m a b l y  b e c a u s e  
e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a q u e o u s  s o l u t i o n ,  a l t h o u g h  
A k a b o r i ’ s  o r i g i n a l  d e s c r i p t i o n  o f  t h e  r e a c t i o n  w a s  t h e  
r e s u l t  o f  s t u d i e s  a t  1 3 0 ° C  i n  g l y c e r o l  s o l u t i o n .  N e u t r a l  
a n d  b a s i c  c o n d i t i o n s  h a v i n g  b e e n  e m p l o y e d  b y  m o s t  w o r k e r s .
I t  h a s  b e e n  s u g g e s t e d  t h a t  a  s o m e w h a t  d i f f e r e n t  c o u r s e  m a y  
b e  f o l l o w e d  u n d e r  a c i d i c  c o n d i t i o n s .  T h e s e  a r e  d i s c u s s e d  i n  
f u r t h e r %p a g e s .
T h e  C h e m i c a l  N a t u r e  _ o f  J : h e V i ^ a r / A m l n o  A c i d . J?.e a c t  i o n  
T h e  s i m p l e s t  m e c h a n i s m  w h i c h  h a s  b e e n  s u g g e s t e d  i s  t h e  
r e a c t i o n  b e t w e e n  g l u c o s e  a n d  a  p r i m a r y  a m i n e ,
H^C^O II~G=NP,
j  i
H~0“ 0H H-C-OH
HOfc-C-H ti m> HO-C-H
I 2 -  Ho0 + |
H-C-OH ' 2 H-C-OI
H-C-OH
C H ^ O H
H-C-OH
I
CHgOH
G l u c o s e  X S c h i f f  b a s e  I I  N - G - l u c o s i d e  I I I
T h e  S c h i f f f s  b a s e  e x i s t s  i n  e q u i l i b r i u m  w i t h  a  c y c l i c  
N - G - l u c o s i d e  s i m i l a r  t o  O - G l u c o s i d e ,  T h e  c o m p o u n d  f o r m e d
b e t w e e n  g l u c o s e  a n d  a m i n o - a c i d s  h a s  m o t  t h e  s a m e  r e d u c i n g  
p o w e r  a s  g l u c o s e .  L e a  a n d  H a n n a i ?  s u g g e s t  t h a t  t h i s  c o m p o u n d  
t h e n  u n d e r g o e s  A m a d o r i  r e a r r a n g e m e n t  ( d i s c u s s e d  f u r t h e r  
b e l o w )  t o  g i v e  a  s u b s t i t u t e d  i s o - G - l u c o s e a m i n e .
a m i n e  I V
A m a d o r i  r e a r r a n g e m e n t  w a s  s u g g e s t e d ' a n d  e l u c i d a t e d  
t o y  W e y g a n d  (19 .4= 0  ) »  T h i s  i s  t h e  i s o m e r i s a t i o n  o f  t h e  
N - s u b s t i t u t e d  a l d o s e  a m i n e s  t o  N - s u b s t i t u t e d  X  a m i n o *
X  d e o x y ,  2  k e t o s e s .  T h i s  r e a c t i o n  r e q u i r e s  a n  a c i d  
c a t a l y s t .  T h e  p o s s i b l e  m e c h a n i s m  o f  t h e  r e a c t i o n  i s  
s h o w n  a s  b e l o w .  I n - t h i s  s c h e m e  t h e  n i t r o g e n  o f  t h e  
a l d o s y l a m i n e  ( I )  a c c e p t s  a  p r o t o n  f r o m  t h e  a c i d  c a t a l y s t  
t o  f o r m  t h e  a m m o n iu m  - i o n  I I ,  w h i c h  i s  p r o p o s e d  t o  b e  i n  
e q u i l i b r i u m  w i t h  c a t i o n  I I I ,  t h o u g h  t h e  c o n t r i b u t i o n  o f  
t h i s  c a t i o n  t o  t h e  e q u i l i b r i u m  m i x t u r e  w i l l  b e  o n l y  s m a l l ,  
A  s h i f t  o f  e l e c t r o n s  a s  i n d i c a t e d  i n  I V  a c c o m p a n i e d  b y  t h e  
r e l e a s e  o f  a  p r o t o n  f r o m  y i e l d s  t h e  e n e a m i n o l  V  w h i c h  
w i l l  e s t a b l i s h  e q u i l i b r i u m  w i t h  t h e  k e t o  f o r m  a n d  r i n g  
f o r m s  o f  t h e  f r u c t o s e  d e r i v a t i v e s  G - o t t c h a l k  ( 1 9 5 2 ) ,
2 u^
2 i
H O - C  --
Ho0-HHR
2
II
2
III
UJQ 2 ^
Carbonium tVion
H O - C - f f
H - l - O H
I
H - C - O H
i
C H „~
0
H - C - O H
G I-Io 0 H
Y I  A m a d o r i  r e a r r a n g e d  V  E n e a m i n o l
c o m p o u n d
T h e  m e c h a n i s m  f o r  t h e  A m a d o r i  r e a r r a n g e d  w a s  e l a b o r a t e d
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l a t e r  b y  I s b e l l  a n d  F r u s h  ( 1 9 5 8 )  ( F i g u r e  I ) .  T h e  a c i d i c  
c a t a l y s t  a d d s  o n t o  t h e  r i n g  o x y g e n '  o f  t h e  a l d o s y l a m i n e  I 0 
T h e n  a  f l o w  o f  . / e l e c t r o n ' s -  f r o m  t h e  n i t r o g e n  a t o m  o f  ( l l )  
p r o m o t e s  t h e  = . f o r m a t i o n  o f  a  S c h i f f * s  b a s e  I I I .  T h i s ,  s t e p ' i s  
i n h i b i t e d  w i t h  v e r y  w e a k : b a s e s  b y  t h e  s t r o n g  a t t r a c t i o n ;  o f  
s u b & t i t u e n t s - ( R R 4 ) * ‘ f  o r  t h e  e l e c t r o n s  o f  t h e  n i t r o g e n  a t o m *
T h e ‘ e l e c t r o n i c  s h i f t s  i n d i c a t e d  i n -  I I I _ . l e a d  » t o  r t h e  i f o r m a t i o n  
o f  a n  e n o l i c .  a m i n e  ( I V ) ®  T h i s  s t e p  i s  d i f f i c u l t  w i t h  s t r o n g  
b a s e s ,  b e c a u s e  t h e  s u b s t i t u e n t s ' ( R R f )  h a v e  . . l i t t l e  a t t r a c t i o n  
f o r  t h e  e l e c t r o n s  o f  t h e  n i t r o g e n  a t o m s .  • H o w e v e r  g o o d > y i e l d s  
o f . A n a d o r i  p r o d u c t s  w e r e  o b t a i n e d  f r o m  s t r o n g  b S 3 © a .  i n  t h e .
16,
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VI
IIO C H
Jr-Hydro xy methyl  
F u rfu ra l (v)
p r e s e n c e  o f  m o l a r  p r o p o r t i o n s  o f  o r g a n i c  a c i d s .  T o  e x p l a i n  
t h i s  e x c e p t i o n a l l y  s t r o n g  c a t a l y t i c  e f f e c t ,  I s b e l l  a n d  F r u s h  
s u g g e s t c d  t h a t  t h e  c a r b o x y l a t e  i o n  a n d  t h e  i m o n i u m  i o n  V I  
c o m b i n e d  t o  f o r m  a  t r a n s i e n t  i n t e r m e d i a t e  V I I ;  a n  
i n t r a m o l e c u l a r  d e c o m p s i t i o n ,  a s  s h o w n ,  w o u l d ' !  l i b e r a t e  t h e  
c a r b o x y l i c  a c i d ,  a n d  p r o d u c e  t h e  e n o l i c  a m i n e  I V a ,  B y  a  
t a u t o m e r i c  s h i f t  a s  i n d i c a t e d  t h e  e n o l i c  a m i n e  I V  g i v e s  
k e i o s e a m i n e  I V b .
18
G o t t s c h a l k  a n d  P a r t r i d g e  s u g g e s t e d  a  m e c h a n i s m  
i n v o l v i n g  5 - h y d r o x y m e t h y l  f u r f u r a l ,  a n d  p o i n t e d  o u t  t h a t  
f u r f u r a l s  a n d  o t h e r  a l d e h y d i c  s u g a r  d e c o m p o s i t i o n  p r o d u c t s  
c a n  a l s o  r e p l a c e  r e d u c i n g  s u g a r s  i n  t h e  M a i l l a r d  b r o w n i n g  
r e a c t i o n ,  a n d  t h e s e  m a y  b e  f o r m e d  b y  s u g a r  d e c o m p o s i t i o n  
u n d e r  a c i d  c o n d i t i o n s ,
G o t t s c h a l k  a n d  P a r t r i d g e ,  e s t a b l i s h e d  t h e  r e a c t i o n  - s c h e m e  
f o r  g l u c o s e  a n d  l y s i n e  a s  s h o w n  i n  F i g u r e .  I I ,  T h e y  s u p p o r t e d  
t h e i r  s c h e m e  b y  d u p l i c a t i n g  t h e  a r o m a t i c  N - G l u c o s i d e s  w h e n  
a n i l i n e  D - G l c . c o s i d e ,  o r  p - t o l u i d i n e  D - G l u c o s i d e  a n d  p - t o l y l  
i s o - D - G l u c o s a m i n e  w e r e  h e a t e d  w i t h  2  N  a c e t i c  a c i d  f o r  6 0  
m i n u t e s  a t  1 0 0 ° C .  T h e  a s s a y s  t u r n e d  b l a c k  w i t h i n  a  s h o r t  
t i m e  a n d  y i e l d e d  5 - h y d r o x y m e t h y l  f u r f u r a l  ( 5 H . M . F )  w h i c h  
w a s  d e t e c t e d  b y  t h i n  l a y e r  c h r o m a t o g r a p h y .  I n  t h e  c a s e  o f  
l y s i n e  t h e  s p o t s  o f  t h e  s a m e  m o b i l i t y  w e r e  r e p r o d u c i b l e ,  
a n d  t h e  a u t h o r s  r e a s o n e d  t h a t  s u c h  a  s p o t  c o u l d  o n l y  b e  
o b t a i n e d  f r o m  t h e  N ~ G l u c o s i d e ,  o r  f r o m  a  m i x t u r e  o f  5 - H , M „ F  
w i t h  t h e  a p p r o p r i a t e  b a s e .
T h e  5 - H 0M 0F  ( V )  i s  f o r m e d  f r o m  a l i p h a t i c  o r  a r o m a t i c
N - G l y c o s i d e s ,  ( I V )  u p o n  m i l d  a c i d  t r e a t m e n t .  M o s t  o f  t h e
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5 - H . M . F  i s  d e r i v e d  f r o m  t h i s  s o u r c e  ? # S t r u c t u r e  I I  h a s
b e e n  i n v o k e d  t o  a c c o u n t  f o r  t h e  r e a d y  c o n v e r s i o n  o f  
N - G - l y c o s i d e s  o f  a m i n o  a c i d s  f o r m e d  f r o m  t h e i r  c o m p o n e n t s  
a t  p K  8 , 5 ,  t o  s t r u c t u r e  V  u p o n  m i l d  a c i d  t r e a t m e n t .
S t r u c t u r e  I I  i s  s u b s t a n t i a t e d  b y  t h e  p o s i t i v e  e n e d i o l  t e s t  
w i t h  O - d i n i t r o b e n z e n e ,  a n d  a l k a l i  i n  t h e  c o l d .
F o r  N - G T y c o s i d e s  o f  p r i m a r y  a r o m a t i c  a m i n e s  i t  h a s  
b e e n  e s t a b l i s h e d  t h a t  d i l u t e  a c i d s  c a t a l y s e  i s o m e r i z a t i o n  
t o  k e t o s e  d e r i v a t i v e s  ( A m a d o r i  r e a r r a n g e m e n t )  w h i c h  i n  
t h e i r  c y l i c  f o r m  V I  b y  l o s s  o f  w a t e r  w i l l  g i v e  i n t e r m e d i a t e  
I I I  i n  t h e  s a m e  w a y  a s  D - f r u c t o f u r a n o s e  y i e l d s  V  u p o n  
m i l d  a c i d  t r e a t m e n t .
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A n o t h e r  a p p r o a c h  t o  t h e  r e a c t i o n  w a s  m a d e  b y  A n e t  ^  
w h o  s t u d i e d  n o n - e n z y m a t i c  b r o w n i n g  i n  f r e e z e  d r i e d  f r u i t s .
A f t e r  p r o l o n g e d  s t o r a g e  a t  l o w  t e m p e r a t u r e s ,  £  ( N  a m i n o )
1 - d e o x y  f r u c t o s e s  a n d  g l u c o s e s  ( t h e  A m a d o r i  r e a r r a n g e m e n t
p r o d u c t s  o f  a m i n o  a c i d  -  s u g a r  r e a c t i o n )  w o r e  . i s o l a t e d  b y
21
c o l u m n  c h r o m a t o g r a p h y  c T h o s e  c o m p o u n d s  w e r e  s l o w l y
d e c o m p o s e d  b y  a c i d s  t o  g i v e  a m i n o  a c i d s  a n d  H . M . F  a n d  o t h e r
u n i d e n t i f i e d  p r o d u c t s ,  b u t  n o  f r e e  s u g a r s .  I t  w a s  a l s o
s h o w n  t h a t  d i - k e t o / a m i n o  a c i d s  c o u l d  b e  f o r m e d  u n d e r  s i m i l a r
c o n d i t i o n s ,  a l t h o u g h  t h o s e  w e r e  d e c o m p o s e d  r e a d i l y  b y
22
h e a t i n g  t o  g i v e  m o n o - k e t o  d e r i v a t i v e s
A n e t  a l s o  s t u d i e d  t h o  m e c h a n i s m  o f  a c i d  c a t a l y s e d  
s u g a r  d e c o m p o s i t i o n ,  a n d  o b t a i n e d  e v i d e n c e  t h a t  t h i s  c o u l d
I t  w a s  s u g g e s t e d  t h a t  t h e  c o m p o u n d s  I I  t o  I V  c o u l d
e x i s t  i n  e q u i l i b r i u m  v / i t h  t h e i r  r i n g  f o r m s i  T h e  i n t e r m e d i a t e
I I I  a n d  c i s  f o r m  o f  t h e  o s a z o n e  o f  I V  w e r e  i s o l a t e d .  A s  a
r e s u l t  o f  t h e s e  i n v e s t i g a t i o n s  a n  a l t e r n a t i v e  t y p e  o f
r e a c t i o n  i n  a m i n o  a c i d / s u g a r  m i x t u r e s  m a y  b e  p o s t u l a t e d .
A l t h o u g h  a m i n o  a c i d s  h a v e  r e l a t i v e l y  h i g h  P K  v a l u e s ,  u n d e r
a
c e r t a i n  c o n d i t i o n s  t h e y  m a y  b e  e f f i c i e n t  p r o t o n  e x c h a n g e r s  - i n  
a c i d  c a t a l y s e d  r e a c t i o n s ,  b y  v i r t u e  o f  t h e i r  p o l a r  n a t u r e ,  
a n d  t h e i r  a b i l i t i e s  t o  f o r m  a  s e r i e s  o f  i o n s  w i t h  p r o t o n s .
T h i s  c o u l d  p r o m o t e  a c i d  c a t a l y s e d  r e a c t i o n s  o f  t h e  t y p e  
d e m o n s t r a t e d  b y  A n e t  i n  a m i n o - a c i d - r e d u c i n g  s u g a r  r e a c t i o n s ,  
a n d  t h e  r e d u c  t o n e 's  s o  f o r m e d  ( e . g .  H . M . F )  m i g h t  p a r t i c i p a t e  
i n  c o n v e n t i o n a l  S t r e e t e r  d e g r a d a t i o n ; o f  . t h e  a m i n o  a q i d s .
( T h e  S t r e c k e r  d e g r a d a t i o n  w i l l  b e  d i s c u s s e d  l a t e r  i n  t h i s  
s e c t i o n ) .
T h e  S t r e c k e r  d e g r a d a t i o n  o f  a m i n o  a c i d s  b y  r e d u c i n g  s u g a r s
1U-
w a s  f i r s t  s u g g e s t e d  b y  A k a b o r i  i n  1 9 3 3  b u t  i t  i s  o n l y  q u i t e  
r e c e n t l y  t h a t  i n t e r e s t  i n  t h i s  r e a c t i o n  a s  a  p o t e n t i a l  s o u r c e
o f  a r o m a t i c  m a t e r i a l  h a s  b e e n  r e v i v e d ,  S c h o n b e r g ^ M o u b a c h e r 2 ^
s u g g e s t e d  t h a t  o n l y  c a r b o n y l  c o m p o u n d s  o f  s t r u c t u r e G G ~ ( C = G )  - C = on
( w h e r e  r \  m a y  b e  z e r o )  c a n  i n i t i a t e  t h e  r e a c t i o n .  M o s t
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m o n o s a c c h a r i d e s  w h e n  h o a t o d  a l o n o  g i v e  r i s e -  t>o n u m e r o u s  p r o d u c t s  
s o m e  o f  w h i c h  a r e  v o l a t i l e .  T h i s  t y p e  o f  decomposition h o w e v e r
u s u a l l y  r e q u i r e s  t e m p e r a t u r e  i n  e x c e s s  o f  2 5 0 ° G ,  o r  p r o l o n g e d
h e a t i n g  a t  l o w e r  t e m p e r a t u r e .  S p o n t a n e o u s  s u g a r  d e c o m p o s i t i o n
proceed, according to the scheme (Figure III).
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« F i g u r e  4 *
i s  u n l i k e l y ,  a t  l o ? /  t e m p e r a t u r e s  b u t  a m i n o - a c i d s  m a y  
c a t a l y s e  s u g a r  d e g r a d a t i o n  i n  a c c o r d a n c e  w i t h  t h e  a b o v e  
m e c h a n i s m ,
2 8 -2 9
R e c e n t  s t u d i e s  i n t o  f l a v o u r  a n d  a r o m a  d e v e l o p m e n t
i n  f o o d s t u f f s  p r o v e  t h a t  t h e  p r o d u c t s  o f  t h e  S t r e c k e r  
d e g r a d a t i o n  r e a c t  f u r t h e r  e . g .  a l d o l  c o n d e n s a t i o n ,  a n d  
a l d e h y d e / a m i n o  r e a c t i o n s  o f  t h e  S t r e c k e r  p r o d u c t s .  T h e r e  
a r c  r e c e n t  i n d i c a t i o n s  t h a t  h e t e r o c y c l i c  c o m p o u n d s  a r e  
f o r m e d  u n d e r  f a i r l y  m o d e r a t e  c o n d i t i o n s ,  a n d  s u b s t i t u t e d  
p y r a z i n e s  h a v e  b e e n  n a m e d  a s  l i k e l y  p r i m a r y  a r o m a  c o m p o n e n t s
T h e  m o s t  r e c e n t  p u b l i c a t i o n  o n  t h e  B r o w n i n g  r e a c t i o n  
i s  b y  H o l t e r m a n d ? ( 1 9 6 9 )  H e  p e r f o r m e d  t h e  r e a c t i o n
i n  a c i d  a n d  a l k a l i n e  m e d i a  p H = 2 . 3  a n d  9 . 6 ,  a n d  f o u n d  t h a t  
t h e  r e a c t i o n  o c c u r s  m o s t  r e a d i l y  i n  a l k a l i n e  s o l u t i o n .
T h e y  f o u n d  t h a t  i n  a c i d i c  s o l u t i o n  t h e  a m i n o  a c i d s  a r e  v e r y  
s t a b l e ;  t h e r e  i s  t y p i c a l l y  l e s s  t h a n  1%  d e c o m p o s i t i o n  i n  
t h e  c o u r s e  o f  2 0 0  h o u r s ,  a n d  t h e  r e d u c i n g  s u g a r s  w e r e  a l s o  
s t a b l e ,  a n d  o n l y  a  t r a c e  o f  d e c o m p o s i t i o n  p r o d u c t s  c o u l d  b e  
o b s e r v e d  o n  t h e  p a p e r  c h r o m a t o g r a m .  M e a n w h i l e  i n  a l k a l i n e  
s o l u t i o n ,  t h o u g h  t h e  a m i n o - a c i d s  w e r e  a l m o s t  a s  s t a b l e  a s  
b e f o r e  ( " ]%  d e c o m p o s i t i o n  m a t t e r  o f  1 0 0  h o u r s )  t h e  r e d u c i n g  
s u g a r s  u n d e r w e n t  g r e a t  c h a n g e s  d u r i n g  t h e  s a m e  p e r i o d .
H e  o b s e r v e d  t h e  c o u r s e  o f  r e a c t i o n  b y  f o l l o w i n g  t h e  
c o l o u r  c h a n g e  a n d  t h e  r e d u c i n g  p o w e r  o f  t h e  s u g a r ,  d u r i n g  
t h e  r e a c t i o n .  T h e y  a l s o  o b s e r v e d  l i b e r a t i o n  o f  c a r b o n  
d i o x i d e  a n d  a l d e h y d e .
p u t  f o r w a r d  b y  H e r b s t  a n d  E n g l e ^  ( 1 9 4 - 6 )  a n d  l a t e r  b y
26
S c h o n b e r g  a n d  M o u b a c h e r  i n  w h i c h  a  t r a n s a m i n a t i o n  r e a c t i o n
lie suggested a mechanism which had originally been
t a k e s  p l a c e .  T h i s  i n v o l v e s  t h e  s h i f t  o f  a  h y d r o g e n  a t o m
a f t e r  t h e  l o s s  o f  C O g ,  r e s u l t i n g  i n  a  s h i f t  o f  t h e  d o u b l e
b o n d .  T h i s  i s  q u i c k l y  a c c o m p a n i e d  b y  h y d r o l y s i s  o f  t h e
p r o d u c t .  T h e  m e c h a n i s m  i s  r e p r e s e n t e d  i n  F i g u r e  f t .
F u r t h e r  w o r k  h a s  b e e n  d o n e  o n  t h e  i d e n t i f i c a t i o n  o f
m o r e  p r o d u c t s  a n d  t h e  e l u c i d a t i o n  o f  t h e  m e c h a n i s m .  I t  w a s
r e p o r t e d ,  w h e n  g l u c o s e  a n d  g l y c i n e  o r  p h e n y l  a l a n i n e  w e r e
I
h e a t e d  t o g e t h e r ,  2 : 5  d i m e t h y l  p y r a z i n e '  w a s  d e t e c t e d  a m o n g  
t h e  p r o d u c t s .  D a w e s  a n d  E d w a r d s  s u g g e s t e d  t h a t  
p y r u v e e . l d e h y d e  p a r t i c i p a t e d  i n  a  S t r e c k e r  d e g r a d a t i o n  
f o r m i n g  a n  a m i n o  c a r b o n y l  c o m p o u n d  t h a t  c o n d e n s e d  t o  2 : 5  
d i m e t h y l  3 ,  6 d i h y d r o p y r a z i n e  ( I i ) .
2 : 5  d i m e t h y l  p y r a z i n e  
E f f e c t  o f  o x i d a t i o nasim £ m '-fi'iri'-'-n'. f ■ ■ -w M*sacraca traagsmraimt!r^t=Tsmrf*w=ssmsait
I t  i s  b e l i e v e d  t h a t  s o m e  o f  t h e  c o m p o u n d s  i n  n o n - e n z y m i  
b r o w n i n g  a r e  p r o m o t e d  b y  o x i d a t i o n .  D a w e s  a n d  E d w a r d  9 6 6 )  
s u g g e s t e d  t h a t  2 : 5  d i m e t h y l  p y r a z i n e  w a s  f o r m e d  b y  o x i d a t i o n  
o f  t h e  d i h y d r o p y r a z i n e .
T h e  e f f e c t  o f  o x y g e n  o n  n o n - c n x y m i c  b r o w n i n g  i n  f o o d s  
i s  l i n k e d  w i t h  b o t h  w a t e r  c o n t e n t  o f  t h e  s y s t e m  a n d  t h e
23o
t e m p e r a t u r e  o f  s t o r a g e *  W h e n  t h e  w a t e r  c o n t e n t  o f  p o t a t o e s
e x c e e d e d  2 5 % ,  t h e  r a t e  o f  b r o w n i n g  i n  a i r  w a s  g r e a t e r  t h a n
t h e  r a t e  i n  v a c u u m ;  t h e  d i f f e r e n c e  b e t w e e n  t h e s e  r a t e s
i n c r e a s e d  a s  t h e  w a t e r  c o n t e n t  i n c r e a s e d  f r o m  2 5 %  t o  7 9 %  ?
a l t h o u g h  t h e  r a t e  o f  b r o w n i n g  d e c r e a s e d *  ( H e n d e l  e t  a l ^
1 9 5 5 )o  T h e  m a x im u m  r a t e  o f  b r o w n i n g  o c c u r e d  a t  13-17%  w a t e r
c o n t e n t ,  a n d  o x y g e n  h a d  l i t t l e  e f f e c t .
T h e s e  e x p e r i m e n t s  v / e r e  c a r r i e d  o u t  a t  6 5 ° C .
T h e  e f f e c t  o f  o x y g e n  011  s u g a r - a m i n e  i n t e r a c t i o n s  i s  a n
e x a m p l e  o f  a n  u n s o l v e d  p r o b l e m  i n  t h e  f i e l d ,  w h i c h  i s
c u r r e n t l y  s u b t r a c t i n g  m u c h  a t t e n t i o n .  I t  h a s  r e c e i v e d  l i t t l e
a t t e n t i o n  i n  t h e  p a s t  a n d  i l l u s t r a t e s  s o m e  e f f e c t s  o f  w a t e r
c o n t e n t  a n d  t e m p e r a t u r e *  H o w e v e r  t h e  o x y g e n  m a y  m a k e  t h e
d e g r a d a t i o n  m o r e  s e v e r e  w h i c h  m a y  o p e n  u p  a d d i t i o n a l
r e a c t i o n  p a t h s *
B r o w n  P i g m e n t s
T h e  b r o w n  p i g m e n t s  i s o l a t e d  f r o m  s u g a r / a m i n e ,  o r
a l d e h y d e / a m i n e  i n t e r a c t i o n  c o n t a i n  n i t r o g e n .  R e y n o l d ^
d i d  s e v e r a l  e x p e r i m e n t s  o n  i d e n t i f i c a t i o n  o f  b r o w n  p i g m e n t s
f r o m  a l d e h y d e  a n d  s i m p l e  a m i n e s *  H e  s e p a r a t e d  s o m e  o f  t h e m
b y  d i a l y s i s  a n d  c h a r a c t e r i s e d  s o m e  b a s i c  g r o u p s ,  p r o d u c e d
f r o m  g l u c o s e  a n d  g l y c i n e  a n d  c i t r a t e  ( 8 : 1 : 1  m l e s ,  p H  3 * 6
a n d  6 * 1 ) .  T h e  r a t i o  o f  g l u c o s e  t o  g l y c i n e  r e s i d u e s
i n c r e a s e d  f r o m  3 : 1  t o  6 : 1  a s  t h e  t i m e  o f  r e a c t i o n  i n c r e a s e d .
T h e  r a t i o  o f  n o n - d i a l y s a b l e  t o  d i a l y s a b l e  p i g m e n t s  a l s o
i n c r e a s e d .  I n f r a - r e d  s p e c t r a  o f  p i g m e n t s  i s o l a t e d  f r o m  t h e
m o d e l  s y s t e m  c o n t a i n i n g  g l u c o s e  a n d  g l y c i n e  s h o w e d  t h e
p r e s e n c e  o f  t h e  f o l l o w i n g  g r o u p s  - O H ,  =  C H 9 ,  C = 0  H C - C - G = 0 ,
2 H H
~ C H = 9 - G H = C H - a n d  C 0 0 “ .
H
T h e  v a s t  m a j o r i t y  o f  s t u d i e s  o f  c h e m i c a l  k i n e t i c s  h a v e  
i n v o l v e d  r e a c t i o n s  i n  t h e  l i q u i d  o r  g a s e o u s  p h a s e s .  T h e  
r e a s o n s  f o r  t h i s  a r e  c l e a r .  R e a c t i o n s  o f  t h i s  k i n d  t a k e  
p l a c e  i n  h o m o g e n o u s  p h a s e  a n d  g i v e  r e s u l t s  w h i c h  a r e  f a i r l y  
e a s i l y  r e p r o d u c i b l e ,  a n d  w h i c h  c a n  b e  a n a l y s e d  o n  t h e  b a s i s  
o f  s i m p l e  t h e o r i e s *
R e a c t i o n s  b e t w e e n  s o l i d s ,  b y  c o n t r a s t ,  a r e  e s s e n t i a l l y  
h e t e r o g e n e o u s .  A d e q u a t e  t h e o r i e s  o f  h e t e r o g e n e o u s  c a t a l y s i s  
( i . e .  r e a c t i o n s  o f  l i q u i d s  a n d  g a s e s  o n  t h e  s u r f a c e  o f  
s o l i d s )  a r e  s t i l l  l a c k i n g  a n d  v e r y  l i t t l e  w o r k  i n d e e d  h a s  
b e e n  c a r r i e d  o u t  o n  r e a c t i o n s  i n  s o l i d s .
I t  i s  b e l i e v e d  t h a t  a l m o s t  a l l  c h e m i c a l  r e a c t i o n s  
b e t w e e n  s o l i d s  g i v i n g  s o l i d  p r o d u c t s  a r e  e x o t h e r m i c .
H o w e v e r ,  a  f e w  e n d o t h e r n i c  c a s e s  a r e  a l s o  r e p o r t e d  w h i c h  
a r e  m a i n l y  d e h y d r a t i o n s  o f  i n o r g a n i c  c r y s t a l  h y d r a t e  s a l t s
a s  C u S o ^ , 5 H 2 0  b y  T o p l e y ^ ^  o r  M n C p O ^ . 2 H £ 0  b y  S m i t h  a n d
36 . .
T o p l e y  .  S e v e r a l  c a s e s  o f  c a r b o n a t e  d e c o m p o s i t i o n s  a r e
a l s o  r e p o r t e d  e . g .  A g C O _  b y  S p e n c e r ^ 7  a n d  T o p l e y  a n d  t h e
s e m i - q u a n t i t a t i v e  w o r k s  o n  t h e  k i n e t i c s  o f  d e c o m p o s i t i o n  
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b y  Z a w a d s k i  .  T h e  e x o t h e r m i c  c h a r a c t e r  f o l l o w s  f r o m  t h e  
f a c t  t h a t  t h e  o v e r a l l  d r i v i n g  f o r c e  o f  t h e s e  r e a c t i o n s  i s  
t h e  d i f f e r e n c e  b e t w e e n  t h e  G - ib b s  F r e e  E n e r g y  o f  t h e  
c r y s t a l l i n e  r e a c t a n t s  a n d  t h e  p r o d u c t s .
II Kinetics of reactions in solids
E x p e r i m e n t a l  M e t h o d s  f o r  t h e  s t u d y  o f  S o l i d - S o l i d  R e a c t i o n s .
1 ) U s e  o f  D i f f e r e n t i a l  T h e r m a l  A n a l y s i s ,
I n  m o s t  c a s e s  o f  s o l i d  r e a c t i o n s  ( e x c l u d i n g  t h e  b e g i n n i n g  
o f  r e a c t i o n s  b e t w e e n  e x t r e m e l y  f i n e  s o l i d s )  o n e  m a y  e a s i l y  
i m p o s e  i s o t h e r m a l  c o n d i t i o n s  d u e  t o  t h e  l o w  r e a c t i o n  r a t e  i n  t h  
t h e  s o l i d  s t a t e .
T h e  h e a t  p r o d u c e d  i n  a  s o l i d  s t a t e  r e a c t i o n  c a u s e s  a n  
a p p r e c i a b l e  t e m p e r a t u r e  r i s e .  T h i s  m e t h o d  h a s  e v o l v e d  i n t o  a  
t e c h n i q u e  o f  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  ( D . T , A , ) „  T h e  
b a s i c  p r i n c i p l e  o f  D . T . A ,  i s  t h e  m e a s u r e m e n t  o f  a  t e m p e r a t u r e  
d i f f e r e n c e  b e t w e e n  a  s a m p l e  a n d  a  r e f e r e n c e  m a t e r i a l  a s  t h e y  
a r e  s i m u l t a n e o u s l y  h e a t e d  a t  a  u n i f o r m  r a t e ,  A  s o l i d  s t a t e  
r e a c t i o n  w i l l  c a u s e  a n  e v o l u t i o n  o f  h e a t  w h i c h  w i l l  b e  s h o w s  
a s  a  t e m p e r a t u r e  d i f f e r e n c e  ( A T )  b e t w e e n  t h e  s a m p l e  a n d  t h e  
r e f e r e n c e  m a t e r i a l .  A s  t h i s  h e a t  i s  d i s s i p a t e d  t o  t h e  s u r r  
- o u n d i n g s , A T  r e d u c e s  t o  z e r o  a g a i n .  M e a s u r e m e n t  o f  t e m p e r a t ­
u r e  a n d  A T  o v e r  a  s u i t a b l e  r a n g e  w i l l  g i v e  a  t h e r m o g r a m ,
c h a r a c t e r i s t i c  o f  t h e  r e a c t i o n  w h i c h  h a s  o c c u r r e d ,  K i s s i n g e r ^  
h a s  d e v e l o p e d  a  m e t h o d  t o  w o r k  o u t  t h e  o r d e r  o f  r e a c t i o n  b y
t h i s  t e c h n i q u e ,
2 ) X - r a y  p o w d e r  t e  c h n i q u e ,
X - r a y  d i f f r a c t i o n  r e p r e s e n t s  a n  i d e a l  t e c h n i q u e  f o r  t h e  
i d e n t i f i c a t i o n  o f  w h a t  i s  o c c u r r i n g  i f  t h e  r e a c t i o n  i n v o l v e s  
a  s o l i d  p h a s e .  I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  g i v e n  a  m i c r o ­
c r y s t a l l i n e  p o w d e r ,  i t  i s  u n i q u e l y  c h a r a c t e r i s e d  b y  a  D e b y e -  
S c h e r r e r  d i f f r a c t i o n  p a t t e r n .  T w o  c o m p o u n d s  e v e n  w i t h  a n  
i d e n t i c a l  l a t t i c e  s t r u c t u r e  w i l l  h a v e  d i f f e r e n t  l a t t i c e  
p a r a m e t e r s  a n d  w i l l  b e  c h a r a c t e r i s e d  b y  d i f f e r e n t  a n g u l a r
d i s t r i b u t i o n s .  A n  a t l a s  o f  t h e  p o w d e r  d i a g r a m s  c o n t a i n i n g  
1 0 , 0 0 0  e n t r i e s  h a s  b e e n  p u b l i s h e d  b y  A . o . T . M , ^ ,  r e p r e s e n ­
t i n g  a  g o o d  m e a n s  o f  i d e n t i f y i n g  t h e  s u b s t a n c e  a n d  i t s  
c o m p o s i t i o n  i n  t h e  c a s e  o f  a  m i x t u r e .  T h i s  t e c h n i q u e  i s  a l s o  
u s e f u l  i n  a s s e s s i n g  t h e  d i m e n s i o n s  o f  a  c r y s t a l  i n  a  p o l y -
/ I *1 o
c r y s t a l l i n e  s a m p l e  ° .
T h e  o u t s t a n d i n g  d i s a d v a n t a g e  o f  t h i s  ' t e c h n i q u e  i n  s o l i d  
r e a c t i o n s  i s  i t s  d e p e n d e n c e  o f  t h e  c r y s t a l l i n i t y  o f  t h e  
m a t e r i a l ;  m a n y  i n t e r m e d i a t e  p r o d u c t s  i n  s o l i d  r e a c t i o n s  a r e .  
f o r m e d  t r a n s i e n t l y  a n d  i n  a  p o o r l y  c r y s t a l l i s e d  c o n d i t i o n  
a n d  t h e y  a r e  c o n s e q u e n t l y  d i f f i c u l t  t o  d e t e c t  b y  m e a n s  o f  
X - r a y s .
3 )  T h e  s t u d y  o f  . . . v a r i a t i o n , _ i n . m a s s i  t h e r m o g r a y i m e t r y .
7 / h e n  t h e  r e a c t i o n  p r o c e e d s  w i t h  a n  i n c r e a s e  o r  d e c r e a s e  
i n  t h e  m a s s  o f  t h e  s o l i d  p h a s e  ( b e c a u s e  o n e  o f  t h e  p r o d u c t s  
o r  r e a c t a n t s  i s  g a s e o u s )  a  t h e r m o b a l a n c e  w i l l  e n a b l e  o n e  t o  
o b t a i n  t h e  v a r i a t i o n  i n  m a s s  a s  a  f u n c t i o n  o f  t i m e  a n d  t h e r e ,  
f o r e  t o  e v a l u a t e  t h e  d e g r e e  o f  p r o g r e s s  ( e x t e n t  o f  r e a c t i o n )  
a -  o f  t h e  r e a c t i o n ,  t h e  c u r v e o c  =  f ( t )  i s  t r a c e d  b y  a  d e v i c e  
a u t o m a t i c a l l y .  T h e  f i r s t  a i m  w i t h  t h e r m o b a l a n c e  a n a l y s i s  i s  
t o  k n o v /  t h e  n a t u r e  o f  p r o d u c t  a n d  r e a c t a n t s  t o  w o r k  o u t  t h e  
k i n e t i c s  o f  r e a c t i o n .  T h i s  t e c h n i q u e  i s  f r e q u e n t l y  u s e d  t o  
a n a l y s e  t h e  k i n e t i c s  o f  d e h y d r a t i o n  o f  c r y s t a l  h y d r a t e s ,  
k )  O p t i c a l  M ty jc r o s c o jg y  a n d  S l e e t r p  11  M i c r o s c o p y .
W h e n  r e a c t a n t s  o r  p r o d u c t s  a r e  i n  t h e  s o l i d  p h a s e  d i r e c t  
o b s e r v a t i o n  i s  s o m e t i m e s  h e l p f u l  i n  i d e n t i f y i n g  t h e  m o r e  
o b v i o u s  c a s e s  o f  h e t e r o g e n e i t y  a l t h o u g h  s i m p l e  v i s u a l
e x a m i n a t i o n  i s  n o t  u s u a l l y  s u f f i c i e n t  f o r  t h e  o b s e r v a t i o n  o f  
i n t e r e s t i n g  d e t a i l s .  A s  w i t h  a n  o p t i c a l  m i c r o s c o p e ,  t h e  
e l e c t r o n  m i c r o s c o p e  i s .  a n  . i n s t r u m e n t • • . w h i c h ,  o g i v e s  a n  e n l a r g e d  
i m a g e  o f  a n  o b j e c t  a n d  s e v e r a l  d e a i l s  i n v i s i b l e  t o  t h e  n a k e d  
e 3r e .  T h e  b a s i c  d i f f e r e n c e  b e t w e e n  t h e  t w o  i n s t r u m e n t s  i s  t h e  
s o u r c e  e m p l o y e d :  i n  o p t i c a l  m i c r o s c o p y  t h e  i m a g e  o f  a n  o b j e c t  
i s  m a d e  b y  a  l i g h t  b e a m  w h i l e  i n  e l e c t i  n  m i c r o s c o p y  a n  
e l e c t r o n  b e a m  i s  u s e d  a n d  t h e  a d v a n t a g e  o f  t h e  e l e c t r o n  m i c r ­
o s c o p e  t o  t h e  f o r m e r  i s  a  h i g h e r  r e s o l v i n g  p o w e r  a n d  t h e r e ­
f o r e  i t  p r o d u c e s  a  m a g n i f i e d  i m a g e  o f  t h e  o r d e r  o f  5 0 0  t i m e s  
g r e a t e r  t h a n  t h e  o p t i c a l  m i c r o s c o p e .
T h e o r i e s  o f  R e a c t i o n s  i n  S o l i d s .
1 )  P r o u t - T o m p k i n s  e q u a t i o n  a n d  M a n i p l e s  L a w .
T h e  d e c o m p o s i t i o n  o f  s o l i d s  a n d  t h e  r e a c t i o n  b e t w e e n  
s o l i d  i n o r g a n i c  c o m p o u n d s  h a v e  b e e n  d i s c u s s e d  b y  s e v e r a l  
w o r k e r s  w h o  w i l l  b e  m e n t i o n e d  b e l o w .  T h e y  d i s c u s s  t h e  k i n e t i c s  
m a i n l y  i n  t e r m s  o f  p o t e n t i a l  r e a c t i o n  s i t e s  ( n u c l e i )  a n d  
r a t e s  o f  n u c l e a t i o n .  A c c o r d i n g  t o  d i f f e r e n t  f a c t o r s ,  s u c h  a s  
g e o m e t r y  o f  t h e  p a r t i c l e s  a n d  s i z e  a n d  k i n d  o f  n u c l e a t i o n  
d e v e l o p m e n t ,  e q u a t i o n s  h a v e  b e e n  d e r i v e d  t o  e x p l a i n  t h e  
v a r i o u s  r e a c t i o n s .
T w o  o f  t h e s e  t h e o r i e s  a r e  r e l e v a n t  t o  t h i s  w o r k :
a )  C h a i n  n u c l e a t i o n  w i t h  o v e r l a p p i n g  o f  t h e  n u c l e i  a n d  
i n g e s t i o n  o f  t h e  p o t e n t i a l  s i t e s  o f  n u c l e a t i o n
j .9
I n  t h i s  c a s e  ( P r o u t  a n d  T o m p ) k i n s  1 9 M + )  t h e  r e a c t i o n  
i s  a s s u m e d  t o  t a k e  p l a c e  v i a  t h e  e x i s t e n c e  o f  c e r t a i n
t h e s e  n u c l e i  d e v e l o p  v a r i o u s  s h a p e s .  T h e  b o u n d a r y  a r e a s  o f
t h e  n u c l e i  i n c r e a s e  s o  t h a t  i n i t i a l l y  t h e r e  i s  a p p a r e n t l y
a  r a p i d  a u t o - c a t a l y t i c  i n c r e a s e  i n  t h e  r a t e  o f  r e a c t i o n *
W h e n  t h e  n u c l e i  g e t  s o  l a r g e  t h a t  a d j a c e n t  n u c l e i  a r e  t o u c h i n g
t h e i r  g r o w t h  i s  i n t e r r u p t e d  a t  t h e  s u r f a c e  o f  c o n t a c t  a n d  t h e
i n c r e a s e  i n  t h e i r  t o t a l  v o l u m e  b e c o m e s  l e s s  t h a n  t h e  v a l u e
ft1 b
c a l c u l a t e d  o n  a  s a m p l e  m o d e l  ,  s i m u l t a n e o u s l y  t h e r e  i s  
i n g e s t i o n  o f  p o t e n t i a l  s i t e s  o f  f u r t h e r  n u c l e a t i o n  b y  t h e  
n u c l e i  a l r e a d y  f o r m e d *  T h i s  r e d u c e s  t h e  e f f e c t i v e  r a t e  o f  
n u c l e a t i o n ,  P r o u t  a n d  T o m p k i n s  d e v e l o p e d  a n  e q u a t i o n  f o r  t h i s
k i n d  o f  m e c h a n i s m  w h i c h  i s  c a l l e d  P r o u t  a n d  T o m p k i n s  l a w .
potential reaction sites or nuclei, “When the reaction starts
w h e r e : &?■ i s  t h e  d e g r e e  o f  p r o g r e s s  o f  t h e  r e a c t i o n  a t  a  t i m e  
t ,  a n d ^ ' ' i  i s  t h e  d e g r e e  o f  p r o g r e s s  o f  r e a c t i o n  w h e n  i t  h a s
a v e r a g e  n u m b e r  o f  n u c l e i  g e n e r a t e d  b y  a  s i n g l e  o v e r l a p p i n g  
n u c l e u s .  I t  i s  c a l l e d  t h e  b r a n c h i n g  c o e f f i c i e n t .
T h i s  e q u a t i o n  c o u l d  b e  w r i t t e n  i n  t h e  f o r m  b e l o w  i f  t h e  
p r e s s u r e  o f  g a s e s  e v o l v e d  i s  a s s u m e d  t o  b e  p r o p o r t i o n a l
l i n  ^
t h e  m a x im u m  s p e e d ,  a n d  I q ,  i s  a  c o n s t a n t  r e p r e s e n t i n g  t h e
l i n  2 P P i
i^ X s p T ip T
ocwhere: oc - P and i Pi, Pf is the final pressure at the
e n d  o f  t h e  r e a c t i o n  a n d  P .  i s  t h e  p r e s s u r e  w h e n  t h e  r a t e  i s
1
a t  t h e  m a x i m u m 0
I f  t h e  r e a c t i o n  c u r v e  i s  s i g m o i d  a n d  s y m m e t r i c a l ,
b )  R a p i d  g r o w t h  o f  n u c l e i  f o l l o w e d  b y  i n g e s t i o n  o f  s i t e s .
C h a i n  n u c l e a t i o n  i s  a  m e c h a n i s m  c a p a b l e  o f  a c c o u n t i n g  f o r  
t h e  p r o g r e s s  o f  c e r t a i n  h e t e r o g e n o u s  r e a c t i o n s .  T h e  h y p o t h e s i s  
i s  b a s e d  o n  a )  r a p i d  n u c l e a t i o n  b )  n u m e r o u s  p o t e n t i a l  n u c l e i  
a n d  c )  i n g e s t i o n  o f  a  s i g n i f i c a n t  q u a n t i t y  o f  p o t e n t i a l  n u c l e i  
b y  t h e  d e v e l o p i n g  n u c l e i .  T h e s e  a l s o  f o r m  t h e  b a s i s  o f  M a m p e l f s  
l a w ^  w h i c h  i s  a  g e n e r a l i z e d  r e l a t i o n s h i p  e s t a b l i s h e d  o n  t h e  
b a s i s  o f  a )  T h e  p a r a m e t e r s  o f  t h e  p r o g r e s s  o f  a  h e t e r o g e n o u s  
i n a c t i o n  d e p e n d e n t  o n  n u m e r i c a l  p o t e n t i a l  s i t e s  b )  T h e  r a p i d  
g r o w t h  o f  n u c l e i  c )  A  p r o g r e s s i v e  i n g e s t i o n  o f  t h e  p o t e n t i a l  
s i t e s .  T h e  o v e r a l l  r a t e  e q u a t i o n  i s  r e p r e s e n t e d  b e l o w :
J O  '
w h e r e :  o ^ i s  c o n s i d e r e d  a s  t h e  d e g r e e  o f  p r o g r e s s  o f  t h e
r e a c t i o n ,  a A ( 3 o i id )  ^  b 6 ( 5o U d ) - 4~  c C ( S a S ' )
t  i s  t i m e
t g  i s  t h e  t i m e  f o r  t = 0
( t - t g ) ^  d e p e n d s  o n  t h e  g r o w t h  o f  n u c l e i ,  
k  i s  a  c o n s t a n t ,  a t  o n e  o f  t h e  s t e p s ,
w h e r e ; 8  i s  a  c o n s t a n t  d e p e n d i n g  o n  t h e  g e o m e t r i c a l  s h a p e  o f  
t h e  p a r t i c l e  e . g .  f o r  a  s p h e r e  i t  I s  li/ 3  
i s  t h e  n u m b e r  o f  p o t e n t i a l  s i t e s ,
M b s th e ’ m d L e c iA a r  h e i g h t  o F f t r  '
in it ia l m ass -o f ft,
N  i s  t h e  n u m b e r  o f  p a r t i c l e s ?
v  i s  t h e  c r i t i c a l  v o l u m e  o f  n u c l e i ,  m
H o w e v e r  t h e  i n t e g r a t e d  f o r m  o f  t h i s  e q u a t i o n  i s :
- l i n  ( i  -  a) ~ A e ~ ^  b - 1 + k f  t —  4  ( k ^  t
~ ~ 2~
w h e n  t h e  r e a c t i o n  i s  f a i r l y  a d v a n c e d  a n d  h a s  a l r e a d y  
p r o g r e s s e d  f o r  a  c e r t a i n  t i m e  i t  i s  c o n s i d e r e d  t h a t  a l l  t h e
t e r m s  i n  t h e  b r a c k e t  o n  t h e  r i g h t  h a n d  s i d e  o f  t h e  p r e c e d i n g
3
e q u a t i o n  a r e  n e g l i g i b l e  i n  c o m p a r i s o n  t o  t h e  t ^  t e r m .
T h e  e q u a t i o n  t h e n  s i m p l i f i e s  t o :
-A t*-1a  = 1 ~ e
R e a r r a n g i n g :
,  - A t 31 - c x  =  e
l i n ( l - o t )  = - A t ^
«S %-g-a H. — mmw»1 >1 m < m ,i©«y»
V - T m r - v y  = 3 / 7 t
ho
P r o u t  a n d  T o m p k i n s  f o u n d  t h a t  t h e i r  e x p e r i m e n t a l  r e s u l t s  
o n  p o t a s s i u m  p e r m a n g a n a t e  v / e r e  w e l l  f i t t e d  i n  t h e  r a n g e  o f
0 . 1 / o < < ’0 . 9  i n  t h e i r  e q u a t i o n  a n d  f o r  l e a d  o x a l a t e  a n d  n i c k e l
f o r m a t e  i n  t h e  r a n g e  0 , 0 8  < 0 . 8 .  V a u g h a n  a n d  P h i l l i p s ^ / 1 9 f t 9 )
a p p l i e d  t h i s  e q u a t i o n  t o  t h e  d e c o m p o s i t i o n  o f  m e r c u r y
f u l m i n a t e  a n d  o b t a i n e d  t w o  s t r a i g h t  l i n e s  i n c l i n e d  a t  a n  a n g l e
b y  p l o t t i n g  l o g  P  a g a i n s t  t i m e .
P ^-P
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V a u g h a n  a n d  P h i l l i p s  a l s o  . a p p l i e d ^  ( I 9 f t 7 )  t h e -  e q u a t i o n  
t o  t h e r m a l  d e c o m p o s i t i o n  o f  m o n o  a n d  d i n i i r o - b e n z e n e - d i a z ©  
o x i d e .  T h e y  a g a i n  o b t a i n e d  t w o  s t r a i g h t  l i n e s  a t  a n  a n g l e  t o  
e a c h  o t h e r  w i t h  t w o ' d i f f e r e n t  k , s *  Y o f f e ^  s t u d i e d  t h e  d e ­
c o m p o s i t i o n  o f  t h e  c o v a l e n t  a z i d e ,  t r i n i t r o  t i r i a z i d o b e n z e n e .  
B e l o v /  t h e  m e l t i n g  p o i n t ,  r e a c t i o n  w a s  v e r y  s l o w ,  b u t  a b o v e  
t h e  m e l t i n g  p o i n t  r a p i d  d e c o m p o s i t i o n  o c c u r r e d .  S e v e r a l  o t h e r  
c a s e s  6 f  o r g a n i c  d e c o m p o s i t i o n  h a v e  b e e n  r e p o r t e d .  I n  s o m e  o f  
t h e m  t h e  i n i t i a l  d e c o m p o s i t i o n  g a v e  a  p r o d u c t  w h i c h  f o r m e d  a  
e u t e c t i c  w i t h  t h e  r e a c t a n t  a n d  a  s u b s e q u e n t  r e a c t i o n  t o o k
p l a c e  i n  t h e  l i q u i d  p h a s e  a t  a  g r e a t l y  i n c r e a s e d  r a t e ,
L7 U8
P a r m e r  ,  H i n s h e l w o o d  ,  B a v / n  a n d  P o l l a r d  e x a m i n e d  t h e
t h e r m a l  s t a b i l i t y  o f  2 , f t ?6  t r i n i t r o  p h e n y l  m e t h y l  n i t r a m i n e
(  t e t r y l )  e x t e n s i v e l y .  T h e  i n i t i a l  d e c o m p o s i t i o n  w a s  s h o w n
t o  g i v e  a  p r o d u c t  w h i c h  f o r m e d  a  e u t e c t i c  w i t h  t e t r y l  a n d  i t
i s  t h i s  l i q u i d  f r a c t i o n  w h i c h  g i v e s  r i s e  t o  t h e  a c c e l e r a t i o n
a n d  v e l o c i t y  o f  d e c o m p o s i t i o n .  T h e  s o l i d  o r g a n i c  d e c o m p o s i t i o n
h a s  b e e n  t r e a t e d  k i n e t i c a l l y  a c c o r d i n g  t o  t h e  c h a r a c t e r  o f
t h e  c o m p o u n d s ,
1 )  D e c o m p o s i t i o n  w i t h o u t  m e l t i n g  l e a d s  t o  t h e  P r o u t - T o m k i n s  
e q u a t i o n  w h i c h ;  h a s  a l r e a d y  b e g n  d i s c u s s e d *
2 )  D e c o m p o s i t i o n  w i t h  p a r t i a l  l i q u e f a c t i o n  c a n  o c c u r  w h e n  t h e
r e a c t i o n  t a k e s  p l a c e  n e a r  t h e  m e l t i n g  p o i n t  o f  t h e  r e a c t a n t
i f  t h e  d e c o m p o s i t i o n  g i v e s  r i s e  t o  a  p r o d u c t  w h i c h  l o w e r s  t h e
m e l t i n g  p o i n t  o f  h e  i n i t i a l  s u b s t a n c e .  T h i s  r e s u l t s  i n  a
p r e s s u r e  -  t i m e  ( p - t )  c u r v e  o f  s i g m o i d  s h a p e .
I f  t h e  r e a c t i o n  i s  r e p r e s e n t e d  a s  b e l o w :
A ------->  B  +  g a s e o u s  p r o d u c t
( 1 - x )  X
a n d  A  i s  s o l u b l e  i n  t h e  p r o d u c t  B s t h e n  i f  t h e  m o l e c u l a r
s o l u b i l i t y  o f  t h e  i n i t i a l  m a t e r i a l  i n  t h e  p r o d u c t  i s  S ,  t h e
f r a c t i o n  o f  A  i n  t h e  l i q u i d  p h a s e  i s  x S  a n d  i n  t h e  s o l i d  
p h a s e  i s  ( i  -  x  -  x S ) .  T h e  r a t e  c o n s t a n t s  f o r  t h e  d e c o m p o s ­
i t i o n  o f  A  i n  t h e  s o l i d  a n d  l i q u i d  p h a s e s  r e s p e c t i v e l y  a r e
k s  a n d  k q ? t h e n  t h e  r a t e  o f  t o t a l  d e c o m p o s i t i o n  o f  A  i s  g i v e n  
b y :
d x  =  k  (1  -  v  -  v g )  +  k n ( x S )  
d t
w h e r e  K  =  k n -  k  S  -  k  
I s  s  s
I n t e g r a t i n g  t h e  e q u a t i o n  a n d  a p p l y i n g  t h e  c o n d i t i o n  t  =0
w h e n  x  -  0  g i v e s
k  K t  . 
x  =  im>_s e  -  1
i t
T h i s  i s  s i m i l a r  b u t  n o t  i d e n t i c a l  w i t h  t h e  a n s w e r  o b t a i n e d  
b y  B a w n ^ ^
2 )  t h e  k i n e t i c s  o f  s o l i d - s o l i d  r e a c t i o n s  h a v e  b e e n  i n v e s t i g a t e d
b y  a  n u m b e r  o f  w o r k e r s *  S e v e r a l  e q u a t i o n s  a n d  m e t h o d s  h a v e
b e e n  s u g g e s t e d  f o r  t h e  a n a l y s i s  o f  t h i s  k i n d  o f  r e a c t i o n  a n d
t o  w o r k  o u t  a  p o s s i b l e  r e a c t i o n  r a t e  c o n s t a n t *  T h e  f i r s t
50
m e t h o d  w a s  s u g g e s t e d  i p  1 9 2 7  b y  J a n d e r  f o r  t h e  k i n e t i c s  o f
t e m p e r a t u r e s .  T h e  g a s  p r o d u c t  o f  t h i s  r e a c t i o n  w a s  a  s i n g l e
c o m p o n e n t ,  0 0 ^  a n d  t h e  g r a p h s  h e  o b t a i n e d  w e r e  p a r a b o l i c .
H i s  e q u a t i o n  i s  b a s e d  011 t h e  i d e a  o f  a  d i f f u s i o n  c o n t r o l l e d
r e a c t i o n  i n  a  s p h e r e  a n d  h a s  t h e  f o r m ,
{ j  -  =  ( k / r 2 ) t
w h e r e  (X  i s  t h e  w e i g h t  l o s s  o r  t h e  q u a n t i t y  o f  o n e  o f  t h e
r e a c t a n t s  c o n s u m e d  a n d  k  i s  a  c o n s t a n t ;  r  i s  t h e  r a d i u s  o f
t h e  p a r t i c l e s  a n d  b y  p l o t t i n g  t h e  l e f t  h a n d  p a r t  o f  t h e
e q u a t i o n  a g a i n s t  t i m e ,  J a m d e r  o b t a i n e d  a  s t r a i g h t  l i n e  t h r o u g l .
t h e  o r i g i n .  T h i s  e q u a t i o n  h a s  b e e n  m o d i f i e d  b y  o t h e r s  f o r  a
t w o  d i m e n s i o n a l  d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  i n t o  a  c y l i n d e r  
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o f  r a d i u s  r
( 1 - & )  l i n ( l - c x )  + £ * =  ( k / r 2 ) t
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A  m o r e  c o m p l e t e  a n a l y s i s  g i v e n  b y  V a l e n s i  9 ^  r e d u c e s  t o  t h e  
a b o v e  e q u a t i o n  w h e n  t h e  p r o d u c t  v o l u m e  i s  t h e  s a m e  a s  t h a t  
o f  t h e  o r i g i n a l  m a t e r i a l ,
5 t i
O r i n s t l i n g  a n d  B r o u n s h t e i n  ' s u g g e s t e d  a n  e q u a t i o n  f o r  a
d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  s t a r t i n g  011 t h e  e x t e r i o r  o f  a
s p h e r i c a l  x o a r t i c l e  o f  r a d i u s  r :
i  ~  § ■ € * -  ( i ~ c x p  =  ( k / r 2 ) t
T h e  k i n e t i c s  o f  r e a c t i o n s  i n  s o l i d s  h a v e  s o m e t i m e s
b e e n  t r e a t e d  011 t h e  b a s i s  t h a t  p r o d u c t  g r o w t h  i s  c o n t r o l l e d
b y  n u c l e i  g r o w t h .  T h i s  a p p r o a c h  c o n s i d e r s  t h e  n u c l e a t i o n
o f  t h e  p r o d u c t  p h a s e s  a t  a c t i v e  s i t e s  a n d  t h e  r a t e  a t  w h i c h
t h e  n u c l e a t e d  p a r t i c l e s  g r o w .  T h e  g e n e r a l  f o r m  o f  t h e  k i n e t i c
5 5 - 5 7
e q u a t i o n  f o r  t h e  n u c l e i  g r o w t h  m o d e l  i s
r e a c t i o n s  b e t w e e n  i n o r g a n i c  com pounds  r e a c t i n g  a t  h i g h
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lrn .( l-D < )  = ~ ( k t ) m
w h e r e  in  i s  a  p a r a m e t e r  w h i c h  i s  a  f u n c t i o n  o f  ( a )  r e a c t i o n
m e c h a n i s m  ( h )  n u m b e r  o f  n u c l e i  p r e s e n t  ( c )  c o m p o s i t i o n  o f
p a r e n t  a n d  p r o d u c t  p h a s e s  a n d  ( d )  g e o m e t r y  o f  t h e  n u c l e i .  I f  a
s o l i d  s t a t e  r e a c t i o n  c a n  b e  r e p r e s e n t e d  b y  a  n u c l e i  g r o w t h
m o d e l  a c c o r d i n g  t o  t h e  a b o v e  e q u a t i o n ,  a  p l o t  o f  l i n l i n i / ( i - a )
v s *  l i n  t  s h o u l d  y i e l d  a  s t r a i g h t  l i n e  w i t h  s l o p e  m  a n d
i n t e r c e p t  n U n l i .  T h i s  h a p p e n s  t o  f i t  c e r t a i n  r e a c t i o n s  e . g .
o  *58
b e t w e e n  z i n c  o x i d e  a n d  b a r i u m  c a r b o n a t e  a t  1 0 7 5  0  .
A y r a m i -  E r o f e y e v  e q u a t i o n s .
T h e  m o s t  a d a p t a b l e  e q u a t i o n  s u g g e s t e d  f o r  g r a P h s  o f
95  i=;o
s i g m o i d  t y p e  h a s  b e e n  s u g g e s t e d  b y  A v r a m i  a n d  E r o f e y e v * '
w h o  h a v e  g i v e n  t h e  f o l l o w i n g  e q u a t i o n s
w h e r e  Q i  i s  t h e  d e g r e e  o f  p r o g r e s s  o f  r e a c t i o n ,  k  i s  a  c o n s t a n t  
a n d  t  i s  t i m e .
T h e  m e c h a n i s m  w h i c h  i s  b a s e d  o n  a  p h a s e  b o u n d a r y  
c o n t r o l l e d  r e a c t i o n  a s s u m e s  t h a t  t h e  n u c l e a t i o n  s t e p  o c c u r s  
v i r t u a l l y  i n s t a n t a n e o u s l y ,  s o  t h a t  t h e  s u r f a c e  o f  e a c h  
p a r t i c l e  i s  c o v e r e d  w i t h  a  l a y e r  o f  p r o d u c t .  P r o d u c t i o n  o f  
n u c l e i ,  h o w e v e r ,  m a y  b e  a  r a n d o m  p r o c e s s ,  n o t  f o l l o w e d  b y  
s u r f a c e  g r o w t h .  A s  n u c l e i  g r o w  l a r g e r ,  t h e y  m u s t  e v e n t u a l l y  
i m p i n g e  011 o n e  a n o t h e r  s o  t h a t  t h e  g r o w t h  c e a s e s  w h e r e  t h e y  
t o u c h .  T h e s e  a r e  c o n s i d e r e d  i n  t h e  a b o v e  e q u a t i o n s .
The e q u a t i o n  2 i s  r e m a r k a b l y  s i m i l a r  t o  t h e  Marnple
e q u a t i o n  d e r i v e d  p r e v i o u s l y  w i t h  s o m e  m i n o r  d i f f e r e n c e s  i n  
d e f i n i t i o n .
A c t i v a t i o n  E n e r g y  o f  S o l i d  R e a c t i o n s .
T h e s e  a r e  m e a s u r e d  i n  v a r i o u s  w a y s ,  f r o m  t h e  t e m p e r a t u r e  
c o e f f i c i e n t s  o f  ( a )  t h e  r a t e  o f  g r o w t h  o f  n u c l e i  ( b )  t h e  
i n d u c t i o n  p e r i o d s  o f  s o l i d  r e a c t i o n  ( c )  t h e  o v e r a l l  r a t e  o f  
r e a c t i o n  a n d ,  w h e r e * '  c h e c k  s i  c a n  b e  m a d e  b e t w e e n  t h e  v a r i o u s  ' 
m e t h o d s ,  t h e  r e s u l t s  a r e  u s u a l l y  i n  a g r e e m e n t .
T h e  i n d u c t i o n  p e r i o d  p r i o r  t o  e x p l o s i o n  i n  s o l i d s  w a s
i n v e s t i g a t e d  b y  U b b e l o h d e ^ 0  a n d  h e  r e p o r t e d  t h a t  i t  d e p e n d e d
o n  a  n u m b e r  o f  f a c t o r s  s u c h  a s  t e m p e r a t u r e ,  a n d  q u a n t i t y  o f
m a t e r i a l  u s e d .  T h e  r e l a t i o n  b e t w e e n  t h e  l e n g t h  o f  t h e
i n d u c t i o n  p e r i o d  a n d  t h e  i g n i t i o n  t e m p e r a t u r e  h a s  b e e n
d e r i v e d  o n  t h e  b a s i s  o f  b o t h  t h e  t h e r m a l  t h e o r y  o f  e x p l o s i o n
a n d  t h e  c h a i n  t h e o r y ,
l o g ' T =  B  +  E / R T
w h e r e  B  i s  a  c o n s t a n t  a n d  E -  i s  t h e  a c t i v a t i o n  e n e r g y ,  a n d T
t h e  i n d u c t i o n  p e r i o d .  T h e  a c t i v a t i o n  e n e r g i e s  s o  f a r
m e a s u r e d  r a n g e  f r o m  0 ~ 6 0 k c a 1 / g r a m  m o l e  a n d  i n  g e n e r a l  t h o s e
c h a n g e s  w h i c h  o c c u r  a t  m e a s u r e a b l e  s p e e d s  a t  l o w  t e m p e r a t u r e s
h a v e  l o w e r  a c t i v a t i o n  e n e r g i e s  t h a n  t h o s e  o c c u r r i n g  a t  h i g h e r
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t e m p e r a t u r e s .  J a m d e r  r e p o r t e d  t h a t  a c t i v a t i o n  e n e r g y  v a r i e s  
w i t h  p a r t i c l e  s i z e  i n  s o l i d - s o l i d  r e a c t i o n s .
3 6 .
E X P  E R I  M E N T  A L
E X P E R I M E N T A L
T h e  p u r p o s e  o f  t h e  p r e s e n t  w o r k  i s  t o  f o l l o w /  t h e  k i n e t i c s
o f  t h e  a m i n o  a c i d / g l u c o s e  r e a c t i o n  i n  t h e  d r y  s t a t e .  I t  w a s
h o p e d  t h a t  t h e  p r o d u c t s  o f  t h e  r e a c t i o n s  i n  t h e  s o l i d  p h a s e
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w o u l d  h e  s i m p l e r  t h a n  t h o s e  i n  t h e  l i q u i d  p h a s e .  T .  R o h a n  o f  
t h e  B r i t i s h  P o o d  M a n u f a c t u r i n g  I n d u s t r i e s  R e s e a r c h  A s s o c i a t i o n  
o b s e r v e d  t h a t  w h e n  d r i e d  g l u c o s e  i s  m i x e d  w i t h  a  d r i e d  a m i n o  
a c i d ,  a n d  t h e  m i x t u r e  h e a t e d  t o  a b o u t  1 3 0 ° C  a  r e a c t i o n  t a k e s  
p l a c e  t o  g i v e  a n  u n s p e c i f i e d  m i x t u r e  o f  p r o d u c t s .  T h i s  
. r e a c t i o n  i s  u n e x p e c t e d  b e c a u s e  o n e  d o e s  n o t  e x p e c t  c h e m i c a l  
r e a c t i o n s  b e t w e e n  d r i e d  s o l i d s .  F u r t h e r m o r e ,  M a i l l a r d  h a s  
c l a i m e d  t h a t  t h i s  p a r t i c u l a r  g r o u p  o f  r e a c t i o n s  i s  h a l t e d  b y  
d e s s i c a t i o n  • T h i s  i s  i m p o r t a n t  s i n c e  t h e  t e c h n i q u e  o f  f r e e z e  
d r y i n g  u s e d  i n  t h e  f o o d  i n d u s t r y  i s  d e p e n d e n t  o n  t h e  
p r e s e r v a t i v e  e f f e c t  o f  d r y i n g .
V ie  p r o p o s e  t o  i n v e s t i g a t e  t h e  r e a c t i o n  f r o m  t h e  f o l l o w ­
i n g  a n g l e s :
1 )  K i n e t i c s  o f  t h e  r e a c t i o n ;  e . g .  o r d e r  o f  r e a c t i o n ,  
d e p e n d e n c e  o f  r a t e  o n  t e m p e r a t u r e  a n d  p a r t i c l e  s i z e ,  c o m p a r ­
i s o n  o f  r a t e  d a t a  w i t h  t h e o r i e s  o f  s o l i d - s o l i d  r e a c t i o n s ,
2 )  T h e  m e c h a n i s m  o f  t h e  r e a c t i o n ,  i . e .  w h e r e  i t  t a k e s  
p l a c e ,  a n d  w h a t  h a p p e n s  a t  t h e  i n t e r f a c e ,  a n d  t h e  p r o d u c t s  
p r o d u c e d  a t  d i f f e r e n t  s t a g e s  o f  r e a c t i o n .
3 )  N a t u r e  o f  t h e  p r o d u c t s .
W o r k  o n  s y s t e m s  o f  t h i s  k i n d  i n  t h e  l i q u i d  p h a s e  
a n d  a l s o  w o r k  011 t h e  t h e r m a l  d e c o m p o s i t i o n  o f  s o l i d  g l u c o s e  
h a s  r e s u l t e d  i n  t h e  f o m m a t i o n  o f  a  v e r y  l a r g e  n u m b e r  o f
p r o d u c t s .  W e  t o p p e d  t o  a v o i d  . a . o u l . t i p j 3i . i c i t y  o f  p r o d u c t s :
a )  B y  o p e r a t i n g  u n d e r  v a c u u m  a n d  n o t  i n  t h e  a t m o s p h e r e  a n d
b )  B y  u s i n g  s e n s i t i v e  a n a l y t i c a l  m e t h o d s  w h i c h  p e r m i t -  
e x p e r i m e n t s  t o  b e  c a r r i e d  o u t  a t  r e l a t i v e l y  l o w  t e m p e r a t u r e s .
T h e  m a j o r i t y  o f  e x p e r i m e n t s  w e r e  p e r f o r m e d  o n  a  c o n ­
v e n t i o n a l  v a c u u m  l i n e .  T h i s  w a s  d e s i g n e d  a n d  b u i l t  o n  a  
D e x i o n  f r a m e w o r k *  T h e  l i n e  a s  s h o w n  i n  F i g u r e  ( l )  c o n s i s t s  
o f  t w o  p a r t s ,  a  r e a c t i o n  v e s s e l  a n d  a  s a m p l i n g  a n d  p u m p i n g  
s y s t e m  l i n k e d  b y  t w o  t h r e e - w a y  t a p s .  T h e  t w o  p a r t s  w e r e  
c o n n e c t e d  t o  m a n n o m e t e r s .
T h e  l i n e  w a s  c o n n e c t e d  v i a  a  l i q u i d  a i r  c o l d  t r a p  t o  
a  s p e e d i v a c  v a p o u r  d i f f u s i o n  p u m p ,  u s i n g  A p i e z o n  3  a s  t h e  
w o r k i n g  f l u i d .  T h e  d i f f u s i o n  p u m p  w a s  b a c k e d  b y  a  B p e e d i v a c  
S D 3 9  r o t a r y  o i l  p u m p ,  A  s a t i s f a c t o r y  v a c u u m  c o u l d  i f  
n e c e s s a r y  b e  m a i n t a i n e d  w i t h  t h e  r o t a r y  p u m p  a n d  l i q u i d  a i r  
t r a p  a l o n e .  T h e  v a c u u m  w a s  c h e c k e d  b y  a  G e n e v a c  t h e r m o c o u p l e  
g a u g e  t y p e  T C G 5 .  A  v a c u u m  o f  u p  t o  1 0  ^  t o r r  c o u l d  b e  
o b t a i n e d .
T h e  r e a c t i o n  v e s s e l  w a s  a s  s h o w n  i n  F i g u r e  ( i )  a n d  w a s  
i m m e r s e d  i n  a  t h e r m o s t a t  b a t h .  F o u r  m i l i m e t r e  d i a m e t e r  
p e l l e t s  w e r e  m a d e  f r o m  t h e  r e a c t i o n  m i x t u r e  u s i n g  a  p e l l e t  
p r e s s  a n d  w e r e  p l a c e d  i n  t h e  s p o o n  a n d  w e i g h e d .  T h i s  w a s  
t h e n  i n s e r t e d  i n t o  t h e . g r o u n d  g l a s s  s i d e  a r m  o f  t h e  r e a c t i o n  
v e s s e l .  T h e  s p o o n  h e l d  t h e  c o m p o u n d  s u s p e n d e d  a  d i s t a n c e  
a b o v e  t h e  t h e r m o s t a t  b a t h  s o  t h e y  w e r e  n o t  i n i t i a l l y  h e a t e d  
t o  t h e  t e m p e r a t u r e  a t  Y / h i c h  r e a c t i o n  b e g a n .  T h e  s y s t e m  w a s  
t h e n  e v a c u a t e d .  A f t e r  t h e  m a t e r i a l s  h a d  d e g a s s e d  t h e  s p o o n
i
]
39e
w a s  t u r n e d  o v e r ,  a n d  t h e  p e l l e t s  w e r e  a l l o w e d  t o  d r o p  o n  t h e  
b o t t o m  o f  t h e  r e a c t i o n  v e s s e l  w h e r e  r e a c t i o n  t o o k  p l a c e .  T h e  
t o p  p a r t  o f  t h e  r e a c t i o n  v e s s e l  h a d  a  f i n g e r  d i p p i n g  d o w n  i n  
t h e  c o n t a i n e r .  T h i s  c o u l d  b e  f i l l e d  w i t h  s o l i d  c a r b o n  d i o x i d e  
a n d  a c e t o n e ,  o r  i c e  a n d  a c e t o n e ,  a n d  u s e d  t o  c o n d e n s e  t h e  l e s s  
v o l a t i l e  p r o d u c t s  o f  t h e  r e a c t i o n .  T h e  p r e s s u r e  c h a n g e  f r o m  
t h e  g a s e s  e v o l v e d  c o u l d  b e  m e a s u r e d  o n  o n e  o f  t h e  m a n o m e t e r s .
T h e  h e a t i n g  s y s t e m  u s e d  w a s  a n  a u t o m a t i c  t h e r m o s t a t  
l i q u i d  b a t h ,  t y p e  H B - G r a n t  i n s t r u m e n t ,  w i t h  a  s t i r r e r  t o  k e e p  
t h e  t e m p e r a t u r e  u n i f o r m .  A  p o l y a l c o h o l  d e t e r g e n t  w a s  u s e d  a s  
t h e  b a t h  l i q u i d .  I t  c o u l d  b e  u s e d  a t  t e m p e r a t u r e s  u p  t o  2 0 0 ° C  
w i t h  v e r y  l i t t l e  e v a p o r a t i o n .  T h e  t a p s  w e r e  a l l  g r e a s e d  w i t h  
A p i e z o n  T ,  w h i c h  i s  r e c o m m e n d e d  f o r  h i g h  t e m p e r a t u r e  w o r k .
RESULTS
I )  K i n e t i c  r u n s  o n  g a s  l i n e
I I )  K i n e t i c  r u n s  o n  t h e r m o g r a v i m e t r i c  b a l a n c e
I I I )  E l e c t r o n  M i c r o s c o p e  s t u d i e s
I V )  C h e m i c a l  a n a l y s i s  a n d  i d e n t i f i c a t i o n  o f  
p r o d u c t s
V )  M a s s  s p e c t r o m c t r i c  i n v e s t i g a t i o n s
1 )  T h e  K i n e t i c  R u n s  o n  G a s  L i n e .
T h e  s o l i d - s o l i d ,  r e a c t i o n  w h i c h  w a s  s t u d i e d  i n  g r e a t e s t  
d e t a i l  w a s  t h e  r e a c t i o n  b e t w e e n  g l u c o s e  a n d  v a l i n e .  A  p r o g ­
r a m m e  w a s  p l a n n e d  t o  i n v e s t i g a t e  t h e  f o l l o w i n g  p h e n o m e n a :
'1 )  T y p i c a l  r e a c t i o n  c u r v e s  a n d  t h e  e f f e c t  o f  t e m p e r a t u r e .
2 )  T h e  e f f e c t  o f  p a r t i c l e  s i z e  o n  t h e  r a t e  o f  r e a c t i o n  a n d  
o n  t h e  a c t i v a t i o n  e n e r g y .
3 )  T h e  e f f e c t  o f  c o m p o s i t i o n  ( u s i n g  A  +  v a r i a b l e  B ,  o r  B  +  
v a r i a b l e  A ) .
U )  E f f e c t  o f  h u m i d i t y .
G l u c o s e  a n d  v a l i n e  w e r e  p o w d e r e d  f i n e l y  w i t h  a n  a g a t e  
p e s t l e  a n d  m o r t a r ,  a n d  w e r e  s i e v e d  t h r o u g h  a  2 0 0  m e s h  n u m b e r  
s i e v e ,  e a c h  s e p a r a t e l y .  M e s h  n u m b e r  2 0 0  h a s  o i ^ e n i n g  s  0 . 0 0 2 9 %  
T h e  m e s h  n u m b e r  i n d i c a t e s  t h e  n u m b e r  o f  h o l e s  p e r  l i n e a r  i n c h .
A  1 :1 m o l e c u l a r  m i x t u r e  o f  t h e  t w o  r e a c t a n t s  w a s  p r e p a r e d  
a n d  p e l l e t s  w e r e  m a d e  u p  f r o m  t h e  m i x t u r e .  A  c o n s t a n t  q u a n ­
t i t y  o f  t h e  m i x t u r e  w a s  t a k e n  e a c h  t i m e  f o r  t h e  e x p e r i m e n t .
T h e  r e a c t i o n  w a s  c a r r i e d  o u t  u n d e r  v a c u u m  a t  c o n s t a n t  
t e m p e r a t u r e  a n d  t h e  p r e s s u r e  c h a n g e  w a s  r e a d  o n  t h e  m a n o m e t e r  
a n d  r e c o r d e d  a s  a  f u n c t i o n  o f  t i m e .  T y p i c a l  r e s u l t s  a r e  
s h o w n  i n  g r a p h s  ( l ) , ( 2 ) , ( 3 ) , ( t y )  f o r  a r b i t r a r i l y  c h o s e n  
t e m p e r a t u r e s  o f  11. 9 ° C  ,1 2 l 4° C , ' i  2 9 ° C  a n d  1 3 t i ° C h  T h e  g r a p h s  
g e n e r a l l y  o b t a i n e d  a r e  o f  t h e  s i g m o i d  t y p e  a n d ,  a s  i s  s h o w n ,  
c o n s i s t  o f  t h r e e  s t a g e s .  T h e  f i r s t  i s  s h a l l o w  a n d  u s u a l l y
r e a c t i o n  C u r v e s  a n d  t h e  e f f e c t  o f  t e m p e r a t u r e
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d o e s  n o t  t a k e  m o r e  t h a n  f o u r  o r  f i v e  m i n u t e s .  T h i s  p e r i o d  
c o u l d  h e  t a k e n  a s  t h e  i n d u c t i o n  p e r i o d .  N o  c o l o u r  c h a n g e  
c o u l d  'b e  s e e n  i n  t h i s  p e r i o d ,  a n d  n o  p r e s s u r e  c h a n g e  w a s  
n o t i c e d .  T h i s  s t a g e  w a s  f o l l o w e d  b y  a n  a b r u p t  i n c r e a s e  o f  
p r e s s u r e  o v e r  a  s h o r t  p e r i o d  o f  t i m e  a n d  - p r o d u c e d  o v e r  §  o f  
t h e  t o t a l  p r e s s u r e  c h a n g e .  I t  a p p e a r e d  t h a t  t h e  m a j o r  
r e a c t i o n  p r o d u c t  w a s  e v o l v e d  i n  t h i s  s t a g e .  T h e  t h i r d  s t a g e  
w a s  s l o w  a n d  l e d  t o  Jc o i n p l e t i o n *  o f  r e a c t i o n .  A s  s h o w n ,  i t  
t o o k  a b o u t  f  o f  t h e  t o t a l  p e r i o d  n e e d e d  f o r  t h e  r e a c t i o n ,  
f o r  g a s  e v o l u t i o n  t o  c o m e  t o  a  h a l t ,  w i t h i n  t h e  l i m i t s  o f  
d e t e c t i o n .
T h e  t i m e  f o r  ' c o m p l e t i o n * o f  r e a c t i o n  i s  n o t  e x a c t ,  a n d  
d e p e n d s  o n  d i f f e r e n t  f a c t o r s ,  w h i c h  w i l l  b e  d i s c u s s e d  i n  t h e  
o t h e r  s e c t i o n s .  T h e  r e a s o n  f o r  t h e  s i g m o i d  r a t e  c u r v e s  c o u l d  
b e  a u t o c a t a l y s i s .  T h i s  w i l l  b e  d i s c u s s e d  i n  t h e  s e c o n d  
s e c t i o n  o f  c h a p t e r  5 *
A s  i s  s h o w n  i n  g r a p h s  ' i , 2 , 3  a n d  4 ,  t h e  r e a c t i o n  i s  
t e m p e r a t u r e  d e p e n d e n t .  T h e  r e a c t i o n  g o e s  f a s t e r  a t  t h e  h i g h e  
t e m p e r a t u r e s ,  a n d  t h i s  i s  s h o w n  b y  a  c h a n g e  i n  s l o p e s  o f  t h e  
r e a c t i o n  c u r v e s ,  a n d  a l s o  t h e  i n d u c t i o n  i x e r i o d ,  a n d  t i m e  o f  
* c o m p l e t i o n *  o f  t h e  r e a c t i o n .
A t  l o w e r  t e m p e r a t u r e s ,  t h e  i n d u c t i o n  p e r i o d  i s  l o n g e r  
a n d  t h e  c u r v e  i s  s h a l l o w e r  t h a n  a t  h i g h e r  t e m p e i ’ a t u r e s .  T h e  
t o t a l  g a s  p r o d u c e d  i n c r e a s e s  s i g n i f i c a n t l y  f o r  e a c h  t e m p e r ­
a t u r e  i n c r e a s e .  I t  w i l l  t h u s  b e  s e e n  t h a t  t h e  r e a c t i o n  g o e s  
m o r e  n e a r l y  t o  c o m p l e t i o n  a t  h i g h e r  t e m p e r a t u r e s .  T h i s  w a s  
a c c o m p a n i e d  b y  t h e  d e v e l o p m e n t  o f  a  b r o w n  c o l o u r  o n  t h e
p e l l e t s .  I t  w a s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s o l i d  r e s i d u e  
a f t e r  e x p e r i m e n t  a t  l o w  t e m p e r a t u r e s  d i d  n o t  c h a n g e  i n  
a p p e a r a n c e  d u r i n g  t h e  r e a c t i o n .  M e a n w h i l e ,  t h e  p e l l e t s  w h i c h  
r e a c t e d  a t  h i g h e r  t e m p e r a t u r e s  w e r e  u n i f o r m l y  b r o w n ,  a n d  
d e f o r m e d ,  a n d  a p p e a r e d  t o  h a v e  a  p o r o u s  a n d  b r i t t l e  s t r u c t u r e .  
I t  w a s  s h o w n  t h a t  t h e  r e a c t i o n  c u r v e s  w e r e  r e p r o d u c i b l e  a t  
l o w e r  t e m p e r a t u r e s  b u t  l e s s  r e p r o d u c i b l e  a t  h i g h e r  t e m p e r ­
a t u r e s .
T h e  r e a c t i o n  d i d  n o t  g o  t o  c o m p l e t i o n  a t  a n y  o f  t h e  
t e m p e r a t u r e s  s t u d i e d .  T h e  s o l i d  r e s i d u e  o f  t h e  r e a c t i o n  w a s  
a n a l y s e d  a n d  i t  w a s  f o u n d  t h a t  a  c e r t a i n  a m o u n t  o f  v a l i n e  
w a s  l e f t  u n r e a c t e d  ( s e e  s e c t i o n  o n  c h e m i c a l  a n a l y s i s ) ,  A  
n u m b e r  o f  r e a s o n s  c o u l d  b e  a d v a n c e d  t o  a c c o u n t  f o r  t h i s ;
a )  P o o r  c o n t a c t  b e t w e e n  t h e  p e l l e t s  a n d  t h e  r e a c t i o n  v e s s e l ,  
a n d  p o o r  c o n d u c t i o n  o f  h e a t  t h r o u g h  i n d i v i d u a l  p e l l e t s  a n d  
b e t w e e n  t h e m  c o u l d  r e s u l t  i n  t h e  c e n t r e  o f  t h e  p e l l e t s  n o t  
r e a c t i n g  i n  t h e  t i m e  s p a n  o f  t h e  e x p e r i m e n t .  T h i s  i s  u n l i k e l y  
b e c a u s e  p r o l o n g e d  h e a t i n g  d i d  n o t  r e s u l t  i n  m o r e  e x t e n s i v e  
r e a c t i o n .
b )  A d e q u a t e  m i x i n g  o f  a m i n o - a c i d  a n d  g l u c o s e  c r y s t a l s  m i g h t  
n o t  o c c u r ,  i . e .  t h e r e  m a y  b e  m a n y  c r y s t a l s  o f  o n e  r e a c t a n t  
w h i c h  a r e  n o t  i n  p h y s i c a l  c o n t a c t  w i t h  a  c r y s t a l  o f  t h e  o t h e r  
r e a c t a n t ,  a n d  w h i c h  d o  n o t  t h e r e f o r e  r e a c t .  T h e r e  i s  a  
t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  t h i s  w h i c h  w i l l  b e  d i s c u s s e d  
l a t e r ,
c )  B u i l d  u p  o f  i n e r t  p r o d u c t s  a t  c r y s t a l  i n t e r f a c e s  w h e r e  
r e a c t i o n  t a k e s  p l a c e ,
T o  i n v e s t i g a t e  t h e  e f f e c t  o f  p a r t i c l e  s i z e ,  g l u c o s e  
a n d  v a l i n e  w e r e  p o w d e r e d  s e p a r a t e l y  a n d  w e r e  s i e v e d  t h r u o g h  
a  s e r i e s  o f  d i f f e r e n t  s i e v e s  o f  m w s h  n u m b e r s  1 0 0 ,  1 5 0 ,  a n d
mesh 150  0 '0 0 4 1 'W  mesh 20 0  0-0025-
2 0 0 .  M e s h  1 0 0  h a s  o p e n i n g s  0 . 0 0 ® “  A  P e l l e t s  w e r e  m a d e  u p  
f r o m  d i f f e r e n t  m i x t u r e s  o f  d i f f e r e n t  p a r t i c l e  s i z e s .  T h e  
e x p e r i m e n t s  f o r  e a c h  m i x t u r e  o f  e a c h  p a r t i c l e  s i z e  w e r e  
p e r f o r m e d  a t  d i f f e r e n t  t e m p e r a t u r e s  i . e .  1 1 9 ° ,  1 2 f t ° ,  1 2 9 ° ,
1 3 f t ° C .  T h e  r e s u l t s  a r e  s h o w n  o n  g r a p h s  5 ? 6 ,  7 ? a n d  8  f o r  
m e s h  n u m b e r  1 0 0  a t  t h e  f o u r  a b o v e - m e n t i o n e d  t e m p e r a t u r e s .
G r a p h s  9 ,  1 0 ,  11  ,  a n d  1 2  . s h o w  t h e  r e a c t i o n  r a t e  f o r  p a r t i c l e s  
o f  m e s h  n u m b e r  1 5 0  a t  t h e  s a m e  t e m p e r a t u r e ? ,  a n d  g r a p h s  1 ,  2 ,
3 ,  f t  s h o w  g r a p h s  f o r  t h e  f i n e s t  p a r t i c l e  s i z e ,  m e s h  n u m b e r  
2 0 0  a t  t h e  s a m e  t e m p e i ’ a t u r e .
T h e  t o t a l  p r e s s u r e  o f  g a s e s  p r o d u c e d  u l t i m a t e l y  f o r  
e a c h  p a r t i c l e  s i z e  a t  t h e  s a m e  t e m p e r a t u r e  i s  d i f f e r e n t .  A s  
t h e  p a r t i c l e s  b e c o m e  f i n e r  t h e  t o ' t a l  u l t i m a t e  p r e s s u r e  
i n c r e a s e s .
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I t  h a s  b e e n  s u g g e s t e d  b y  J a n d e r  t h a t  t h e  a c t i v a t i o n  
e n e r g y  o f  a  s o l i d - s o l i d  r e a c t i o n ,  i n  g e n e r a l ,  c h a n g e s  w i t h  
p a r t i c l e  s i z e .  T o  t e s t  t h i s  h y p o t h e s i s ,  o n  t h i s  p a r t i c u l a r  
o r g a n i c  r e a c t i o n ,  a n d  t o  c o m p a r e  t h i s  s y s t e m  w i t h  i n o r g a n i c  
s y s t e m s ,  A r r h e n i u s  p l o t s  f o r  e a c h  p a r t i c l e  s i z e  w e r e  p e r ­
f o r m e d .  T h e  r a t e s  w e r e  t a k e n  a s  p r o p o r t i o n a l  t o  t h e  s l o p e s  
o f  t h e  s t r a i g h t  p a r t s  o f  t h e  s i g m o i d  c u r v e s .  I t  w i l l  b e  s e e n  
t h a t  a  p l o t  o f  l o g ( s l o p e )  v s .  r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e
o f  R e a c t i o n .
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g i v e s  a  r e a s o n a b l e  s t r a i g h t  l i n e ,  u s i n g  t h e  c o n v e n t i o n a l
~e / r t
A r r h e n i u s  e q u a t i o n  k  =  A e  'u /  L .  T h e  a c t i v a t i o n  e n e r g i e s  w e r e  
o b t a i n e d  f r o m  t h e  s l o p e s  o f  e a c h  g r a p h  f o r  d i f f e r e n t  p a r t i c l e  
s i z e s  a s  s h o w n  i n  F i g u r e s  1 3 9 1 k 9 1 5 .  T h e  a c t i v a t i o n  e n e r g i e s  
a r e  s h o w n  i n  t h e  t a b l e  b e l o w :
M e s h  1 0 0  3 5 . 7  K c a l  p e r  m o l e .
M e s h  1 5 0  J>h*3  K c a l  p e r  m o l e .
M e s h  2 0 0  3 % 3  K c a l  p e r  m o l e .
T h e  d a t a  o b t a i n e d  f o r  t h e  p a r t i c l e  s i z e s  a r e  s h o w n  i n
A p p e n d i x  I .  T h e  a v e r a g e  a c t i v a t i o n  e n e r g y  f o r  e a c h  p a r t i c l e
s i z e  d o e s  n o t  v a r y  s i g n i f i c a n t l y  w i t h  t h e  c h a n g e  o f  p a r t i c l e
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s i z e .  T h i s  i s  c o n t r a r y  t o  t h e  J a n d e r  a n d  K o m a t s u  t h e o r i e s  
o f  t h e  d e p e n d e n c e  o f  a c t i v a t i o n  e n e r g y  o n  p a r t i c l e  s i z e  b a s e d  
o n  s t u d i e s  o f  i n o r g a n i c  r e a c t i o n s  a t  h i g h  t e m p e r a t u r e s .  T h e i r  
i d e a  i s  t h a t  m o r e  e n e r g y  i s  r e q u i r e d  t o  r e m o v e  a  m o l e c u l e  
f r o m  a  s u r f a c e  a t  l o w  c u r v a t u r e  t h a n  f r o m  o n e  o f  h i g h e r  
c u r v a t u r e .  T h e r e f o r e ,  t h e  a c t i v a t i o n  e n e r g y  s h o u l d  i n c r e a s e  
w i t h  p a r t i c l e  s i z e .  T h i s  f a c t o r  m u s t  i n  s o m e  w a y  b e  m o d i f e d  
i n  o u r  s y s t e m  s i n c e  t h e  e x p e c t e d  e f f e c t  i s  n o t  o b s e r v e d .
A t  a n y  g i v e n  t e m p e r a t u r e ,  t h e  r a t e  v a r i e s  w i t h  x a a r t i c l e  
s i z e  a s  s h o w n  f o r  a  c o n s t a n t  t e m p e r a t u r e .  T h e  r e a c t i o n  
c u i * v e s  a t  o t h e r  t e m p e r a t u r e s  f o r  v a r y i n g  p a r t i c l e  s i x e  m a y  
b e  o b t a i n e d  f r o m  g r a p h s  1 t o  1 2 .
T h e  s l o p e s  f o u n d  f r o m  t h e  g r a d i e n t  q f  s t r a i g h t - l i n e  
s e c t i o n s  . o f  r e a c t i o n  c u r v e s  o f  p r e v i o u s  f i g u r e s  1 - 1 2  a r e .  
s h o w n  o v e r l e a f s
T a b l e .  I I .
0
T e m p e r a t u r e  G M e s h  1 0 0 + M e s h  j , 5 0 + M e s h  2 0 Q&
1 1 9 0 . 8 6 9 1 . 4 4 2 1 . 8 5 6
1 2 4 1 . 5 9 2  • 2 . 2 2 2 3 . 7 0 3
1 2 9 3 . 2 5 8 4 . 9 6 , 1 0 3 4
1 3 4 5 . 7 1 7 7 . 0 4 5 9 . 4 7 3 6
+ c m . H g . m i n ~ ^
I t  m i g h t  h a v e  b e e n  e x p e c t e d  t h a t  t h e  r a t e  w o u l d  b e  
p r o p o r t i o n a l  t o  t h e  s u r f a c e  a r e a  o f  t h e  r e a c t a n t s .  I f  s o ,  i t  
w o u l d ,  p r e s u m a b l y  i n c r e a s e  i n v e r s l y  w i t h  t h e  s q u a r e  o f  t h e i r  
d i a m e t e r  T h e  a b o v e  d a t a  s h o w  t h a t  t h i s  i s  n o t  s o  i n  t h e  
a b o v e  c a s e .  T o  a  f i r s t  a p p r o x i m a t i o n ,  t h e  r a t e  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  m e s h  n u m b e r ,  i . e ,  i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  d i a m e t e r .
S u m m a r i z i n g  t h e  d a t a ,  t h e r e f o r e ,  i t  a p p e a r s  t h a t  t h e  
a c t i v a t i o n  e n e r g y  i s  a b o u t  3 4  K c a l  a n d  i n d e p e n d e n t  o f  t e m p ­
e r a t u r e ,  a n d  t h e  r e a c t i o n  i n c r e a s e s  i n  r a t e  w i t h  d e c r e a s i n g  
p a r t i c l e  s i z e .
3 )  T h e  E f f e c t  o f  C o m p o s i t i o n .
A n  a t t e m p t  w a s  m a d e  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  c o m p ­
o s i t i o n ,  a n d  t o  s e e  w h e t h e r  t h e  i n c r e a s e  i n  p r o p o r t i o n  o f  
o n e  o f  t h e  r e a c t a n t s  h a d  a n y  e f f e c t  o n  t h e  r a t e  o f  r e a c t i o n .  
M a i l l a r d  a n d  t h e  p r e v i o u s  w o r k e r s  u s e d  g l u c o s e  i n  e x c e s s  o f  
a m i n o  a c i d  ( e . g ,  4 : 1  m i x t u r e s ) .
T o  i n v e s t i g a t e  t h i s ,  e x p e r i m e n t s  w e r e  c a r r i e d  o u t ,
63 .
Time in minutes
F i g .  1 6 .
64 „
T  a  1 3 4 ° C
6 5 .
Fig. 18.
s t a r t i n g  w i t h  m i x t u r e s  o f  t h r e e  p a r t s  o f  v a l i n e  t o  o n e  p a r t  
o f  g l u c o s e ,  a n d  t w o  p a r t s  o f  v a l i n e  t o  o n e  p a r t  o f  g l u c o s e ,  
a s  w e l l  a s  a  1 : 1  m i x t u r e .  T h e  r e s u l t s  a r e  s h o w n  a n d  c o m p a r e d  
i n  F i g u r e  1 6 .  I t  w a s  h o p e d  t o  s e e  i f  m o r e  g l u c o s e  w o u l d  r e a c t  
a s s u m i n g  t h a t  p a r t  o f  t h e  u n r e a c t e d  v a l i n e  c o m e s  i n t o  m o r e  
c o n t a c t  w i t h  g l u c o s e  i n  g l u c o s e  r i c h  m i x t u r e s .  T h e  p r e s s u r e  
c h a n g e s  a n d  t h e  s l o p e s  o b t a i n e d  w e r e  r e l a t i v e l y  l o w e r  t h a n  
t h e  r a t e  o b t a i n e d  f o r  t h e  1 : 1  m i x t u r e ,  a t  t h e  s a m e  t e m p e r a ­
t u r e .  T h e  s l o p e  o f  t h e  s t r a i g h t  p a r t  o f  t h e  p r e s s u r e  c h a n g e  
v e r s u s  t i m e  g r a p h  w a s  p l o t t e d  a g a i n s t  t h e  m o l a r  r a t i o  o f  
g l u c o s e  t o  v a l i n e .  A  s t r a i g h t  l i n e  w a s  o b t a i n e d  w i t h  a  
p o s i t i v e  s l o p e ,  i n d i c a t i n g  t h a t ,  a s  t h e  p r o p o r t i o n  o f  v a l i n e  
d e c r e a s e s  t o w a r d s  t h e  1 :1  m i x t u r e ,  t h e  r a t e  g r a d u a l l y  
i n c r e a s e s .  A l s o  a  f e w  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  k e e p i n g  
t h e  q u a n t i t y  o f  v a l i n e  c o n s t a n t ,  a n d  i n c r e a s i n g  t h e  q u a n t i t y  
o f  g l u c o s e  w i t h  r e s p e c t  t o  v a l i n e .  U s i n g  g l u c o s e / v a l i n e  
r a t i o s  o f  3 : 1 ,  2 : 1 ,  1 . 3 : 1 * 1 : 1  m i x t u r e s ,  F i g u r e s  1 7 ,  18  w e r e  
o b t a i n e d .  P l o t t i n g  t h e  s l o p e  o f  e a c h  r e a c t i o n  r a t e  v e r s u s  
t h e  m o l e  r a t i o  o f  v a l i n e  t o  g l u c o s e  g i v e s  a  s t r a i g h t  l i n e  a s  
i s  s h o w n  i n  F i g u r e  1 9  a n d  2 Q .  T h e r e  i s  c l e a r l y  n o  s i m p l e  
r e l a t i o n s h i p  b e t w e e n  c o m p o s i t i o n  a n d  r a t e  b u t  t h e  o r d e r  . o f  
r e a c t i o n  i s  p o s i t i v e  w i t h  r e s p e c t  t o  b o t h  r e a c t a n t s * • T h e s e  
a r . e  t o  b e  a n a l y s e d  a n d  v e r i f i e d  - i n  t h e  d i s c u s s i o n  l a w c i .
T h e  q u a n t i t y  o f  e a c h  r e a c t a n t  i n  t h e  m i x t u r e s  w a s  
w o r k e d  o u t  i n  t e r m s  o f  w e i g h t ,  m o l e s  a n d  v o l u m e  t a k i n g  t h e  
d e n s i t i e s  o f  g l u c o s e  p  = 1 . 5 6 2  a n d  v a l i n e  1 . 3 1 6 .  T h e  
r e s u l t s  a r e  i n  T a b l e  I I I  b e l o w :
6 7 .
* CD
R e la t iv e M ole M i l l im o le s W e ig h ts  (rag, ) Volum e (/+L. )
R a te R a t io
V :G V Ct V G V G
'11 3 : 1 1 . 6 9 5 0 . 3 6 5 1 9 8 . 3 1 0 1 . 7 1 5 0 . 7  * 6 5 . 1
1 2 2 : 1 1 . 4 4 9 0 . 7 2 5 1 6 9 , 6 1 3 0 , 4 1 2 8 . 9 8 3 . 5
1 5 1 : 1 1 . 0 1  0 0 0 0 1 1 8 . 2 1 8 1 , 8 8 9 . 8 1 1 6 . 1
1 3 . 5 3 : 4 0 , 8/40 1 0 -I s o 9 8 , 3  ; 2 0 1 . 7 7 4 -7 1 2 9 . 1
1 2 1 : 2 0 . 6 2 9 1 . 2 5 8 73  06 . 2 2 6 , 4 5 5 . 9 1 4 4 . 9
1 1 1 :3 0 .4 5 7 1 . 3 7 0 5 3 . 4 2 4 6 . 6 4 0 . 6 1 5 7 . 9
Tab le  I I I  
(y  = v a l in e  G- = g lu c o s e )
4 ) H u m id i ty
M a i l l a r d ^  fo u n d  t h a t  th e  am ino a c id /g lu c o s e  r e a c t io n  
was h a l t e d  b y  d e h y d r a t io n  o f  th e  r e a c t a n t s  m ix tu r e  in s id e  an 
o v e n . L e a ^  and Lea  and  H annan^ D  fo u n d  t h a t  i n  an a tm o s p h e re  
c o n t a in in g  la s s  th a n  13fo o f  m o is tu r e  ( r e l a t i v e  h u m id i t y  
6 5  -  7 0 /o ) , th e  r e a c t io n  was h a l t e d .  T h e re  v/as an p p tim u m  
l e v e l  o f  h u m id i ty  f o r  th e  m ost r a p id  r e a c t io n .
The w h o le  o f  th e  e x p e r im e n ta l  w o rk  i n  t h i s  t h e s is  
c o n t r a d ic t s  th e s e  r e s u l t s .  On a l l  o c c a s io n s  th e  r e a c t a n t s  w e re  
d r ie d  b e fo r e  b e in g  m ix e d  and p e l l e t i z e d ,  and  p e l l e t s  w e re  
s u b s e q u e n t ly  l e f t  u n d e r  vacuum f o r  a fe w  h o u rs  u n t i l  a 
vacuum  o f  1 O"-2 t o r r  was o b ta in e d .  T h e re  was th u s  no ch a n ce  o f
a n  a p p r e c i a b l e  a m o u n t  o f  w a t e r  b e i n g  l e f t  i n  t h e  s y s t e m .  
N o n e t h e l e s s ,  a n  e x p e r i m e n t  w a s  p e r f o r m e d  t o  e x a m i n e  t h e  e f f e c t  
o f  p a r t i c u l a r l y  i n t e n s i v e  d r y i n g .  P o w d e r s  o f  a m i n o  a c i d  a n d  
g l u c o s e  w e r e  p l a c e d  i n  t h e  s a m e  r e a c t i o n  v e s s e l  b u t  s e p a r a t e d  
i n t o  t w o  s m a l l  c o n t a i n e r s .  T h e  t w o  p o w d e r s  w e r e  h e a t e d  f o r  
a  f e w  h o u r s  u n d e r  a  v a c u u m  o f  1 0  t o r r .  T h e n  t h e  p o w d e r s  
w e r e  m i x e d  u n d e r  v a c u u m  a n d  h e a t e d  a g a i n .  T h e  r e a c t i o n  
o c c u r r e d  s m o o t h l y  a t  t h e  u s u a l  t e m p e r a t u r e .
I t  i s  c l e a r  t h e r e f o r e ,  t h a t  u n d e r  c o n d i t i o n s  u s e d  i n  t h i s  
W Q X t i i j  t h e  g l u c o s e  v a l i n e  r e a c t i o n  w i l l  t a k e  p l a c e  i n  t h e  
a b s e n c e  o f  d e t e c t a b l e  q u a n t i t i e s  o f  w a t e r .  I n  v i e w  o f  t h e  
r e s u l t s  o f  t h e  o t h e r  w o r k e r s ,  a  f e w  r u n s  w e r e  p e r f o r m e d  i n  t h e  
p r e s e n c e  o f  s m a l l  a m o u n t s  o f  m o i s t u r e .  W a t e r  w a s  p l a c e d  i n  a  
s m a l l  c o n t a i n e r  o n  o n e  o f  t h e  e n t r i e s  t o  t h e  g a s  l i n o  a n d  
a l l o w e d  t o  d i f f u s e  i n t o  t h e  r e a c t i o n  v e s s e l  b e f o r e  a  r u n  w a s  
p e r f o r m e d .  F i g u r e s  21 a n d  2 2  s h o w  t h e  r e s u l t s  o b t a i n e d  a t  
t w o  d i f f e r e n t  t e m p e r a t u r e s  1 2 9 ° C  a n d  1 3 f t ° G .  T h e  r a t e s  a p p a r e n t l y  
d r o p  a s  t h e  a m o u n t  o f  m o i s t u r e  i n c r e a s e s ,  a  r e s u l t  a g a i n  i n  
c o n t r a d i c t i o n  t o  t h o s e  o f  p r e v i o u s  w o r k e r s *
7 0 e
The effect of humidity on the reaction
S e v e r a l  w o r k e r s  h a v e  c h o s e n  t o  f o l l o w  t h e  k i n e t i c s  o f  
s o l i d - s o l i d  r e a c t i o n s  b y  w e i g h t  l o s s .  T h i s  h a s  b e e n  o n  t h e  
b a s i s  t h a t  t h e  p r o d u c t  w a s  a n  i d e n t i f i e d  g a s ,  t h e r e f o r e  t h e  
- w e i g h t  l o s s  w a s  d i r e c t l y  e q u a l  t o  t h e  a m o u n t  o f  g a s  e v o l v e d .  
I n  o r d e r  t o  c o n f i r m  t h e  s i g n i f i c a n c e  o f  t h e  k i n e t i c  r u n s  o n  
t h e  g a s  l i n e ,  a n d  i n  o r d e r  t o  c o r r e l a t e  t h e  w e i g h t  l o s s  o n  
t h e  t h e r m o g r a v i m e t r i c  b a l a n c e  ( T . G . B . )  w i t h  t h e  p r e s s u r e  
p r o d u c e d  i n  t h e  g a s  l i n e ,  a  f e w  r u n s  w e r e  p e r f o r m e d  a t
t e m p e r a t u r e s  o f  1 2 0 ,  1 2 5 9 a n d  1 3 4 ° C .  S a m p l e s  o f  1 5 0  m g m s  o f
t h e  m i x t u r e  w e r e  w e i g h e d  i n  a  p l a t i n u m  c r u c i b l e ,  a n d  w e r e  
p l a c e d  s u c c e s s i v e l y  i n  t h e  f u r n a c e  o f  t h e  t h e r m o g r a v i m e t r i c  
b a l a n c e .  T h e  t e m p e r a t u r e  w a s  a d j u s t e d  t o  t h e  d e s i r e d  v a l u e .  
T h e  g a s e o u s  p r o d u c t s  w e r e  c a r r i e d  a w a y  b y  a  s t r e a m  o f  
n i t r o g e n .  T h e  s a m p l e  u s e d  i n  m o s t  o f  t h e  t h e r m o g r a v i m e t r i c
e x p e r i m e n t s  w a s  o n l y  h a l f  t h e  w e i g h t  o f  t h a t  u s e d  i n  t h e
g a s  l i n e  e x p e r i m e n t s ,  b e c a u s e  o f  l a c k  o f  s p a c e  i n  t h e  
p l a t i n u m  c r u c i b l e .  T h e  k i n e t i c  c u r v e s  r u n  a t  t h e  a b o v e  
t e m p e r a t u r e s  a r e  c o m p a r e d  i n  F i g u r e  2 3 . A n  a t t e m p t  w a s  m a d e  
t o  m a k e  a  c o r r e l a t i o n  b e t w e e n  t h e  k i n e t i c  r u n s  o b t a i n e d  o n  
t h e  g a s  l i n o  a n d  t h e  o n e s  o n  t h e  T . G . B . .  T h e  r a t e  o f  w e i g h t  
l o s s  o b t a i n e d  o n  t h e  T . G . B ,  w a s  d o u b l e d ,  t o  m a k e  i t  
c o m p a r a b l e  w i t h  t h e  3 0 0  m g m  s a m p l e s  u s e d  011 t h e  g a s  l i n e .
T h e  f i n a l  w e i g h t  l o s s  o n  t h e  T . G . B .  c u r v e s  w a s  t a k e n  t o  b o  
e q u i v a l e n t  t o  t h e  f i n a l  p r e s s u r e  o n  t h e  g a s  l i n e  a t  
c o r r e s p o n d i n g  t i m e s ,  t h e n  t h e  w e i g h t  l o s s  a t  d i f f e r e n t  t i m e  
i n t e r v a l s  w a s  c o n v e r t e d  t o  e q u i v a l e n t  c m .  H g  p r e s s u r e  o n  t h e
73o
T h e  r e a c t i o n  c u r v e s  o b t a i n e d  b y  b o t h  s y s t e m s  w e r e  
c o m p a r e d  b y  t h e  a b o v e  m e t h o d .  1 0 6 m g m  w e i g h t  l o s s  w a s  f o u n d  
t o  b e  e q u i v a l e n t  t o  1 7 . 8  c m .  H g  p r e s s u r e  a f t e r  8 0  m i n u t e s .  
F i g u r e  2 f t  s h o w s  t h e  r e a c t i o n  c u r v e s  a t  1 3 f t ° C  s u p e r i m p o s e d .
T h e  a g r e e m e n t  b e t w e e n  t h e m  i s  e x c e l l e n t  a t  l o n g e r  t i m e s ,  
b u t  t h e r e  a r e  d e v i a t i o n s  i n  t h e  e a r l y  s t a g e s  o f  t h e  r e a c t i o n .  
T h e  v a l i d i t y  o f  t h i s  c o m p a r i s o n  i s  c o n f i r m e d  b y  t h e  o b s e r ­
v a t i o n  t h a t  a t  1 3 f t ° C ,  t h e  w e i g h t  l o s t  b y  t h e  1 5 0  m g m  s a m p l e  
o n  t h e  T . G . B .  w a s  5 2 . 8  m g m ,  w h i l e  t h a t  l o s t  b y  t h e  3 0 0  m g m  
g a s  l i n e  s a m p l e  w a s  a p p r o x i m a t e l y  d o u b l e  i . e .  1 0 6  m g m .  T h e  
d i f f e r e n c e  o ^ 5f t  m g m s  c o u l d  b o  d u e  t o  t h e  g a s  l i n e  s a m p l e  
b e i n g  w e i g h e d  a f t e r  t w o  h o u r s  w h i l e  t h e  T . G . B .  s a m p l e  w a s  
f i n a l l y  w e i g h e d  a f t e r  8 0  m i n u t e s .  T h e  r e a c t i o n  c u r v e s  
o b t a i n e d  o n  t h e  T . G . B .  s e e m e d  t o  r i s e  s l i g h t l y  f a s t e r  t h a n  
t h e  g a s  l i n e  c u r v e s  a n d  t h i s  e f f e c t  w a s  a l s o  n o t e d  i n  t h e  
r u n s  a t  l o w e r  t e m p e r a t u r e s .  P o s s i b l e  r e a s o n s  f o r  t h i s  
i n c l u d e :
a )  C a t a l y t i c  e f f e c t  o f  t h e  c r u c i b l e  m e t a l  ( p l a t i n u m ) .  T h e
61
c a t a l y t i c  e f f e c t  o f  m e t a l s  h a s  b e e n  n o t e d  b y  R o h a n
b )  H e a t  t r a n s f e r  w a s  m o r e  e f f i c i e n t  i n s i d e  T . G . B . ,  b e c a u s e  
m e t a l  c o n d u c t s  b e t t e r  t h a n  g l a s s ,  a n d  t h e  T . G . B .  s a m p l e  w a s  
s u r r o u n d e d  b y  a  f l o w  o f  n i t r o g e n  i n s t e a d  o f  b e i n g  i n  a  
v a c u u m .
c )  I f  t h e  c o m p o s i t i o n  o f  p r o d u c t s  c h a n g e s  w i t h  t i m e ^  t h e  
t w o  c u r v e s  w o u l d  n o t  c o i n c i d e  e v e n  i n  t h e o r y  e . g .  t h e r e . - i s  
e v i d e n c e  e l s e w h e r e  i n  t h i s  w o r k  t h a t  w a b e r  c o n t i n u e s  t o
g a s  l i n e .
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Time i n  m i n u t e s
F i g .  2 4 .
come o f f  a f t e r  is o ~ b u ty ra ld e h y d .e ,  T h e r e fo r e  i f  th e  e a r l y  
p re d u e t;  m ix t u r e  i s  r i c h e r  i n  is o -T p u ty ra ld e h y d e  and c a rb o n  
d io x id e  th a n  th e  l a t e r  m ix tu re - ,  th e n  th e  T f G ,B , c u rv e  w o u ld  
be e x p e c te d  t o , r i s e  f a s t e r  anyw ay*
T h e  s e c o n d  m e t h o d  u s e d  t o  c o r r e l a t e  t h e  s i g n i f i c a n c e  
o f  t h e  k i n e t i c  r u n s  o n  t h e  T . G . B .  w i t h  t h o s e  011 t h e  g a s  
l i n e  w a s  b y  c o m p a r i n g  t h e  a c t i v a t i o n  e n e r g y  o b t a i n e d  b y  
b o t h  s y s t e m s .  T h e  l o g a r i t h m  o f  t h e  s l o p e s  o f  t h e  s t r a i g h t  
p a r t s  o f  t h e  r e a c t i o n  c u r v e s  w e r e  p l o t t e d  a g a i n s t  t h e  
r e c i p r o c a l  o f  a b s o l u t e  t e m p e r a t u r e s  f o r  e a c h  r e a c t i o n .  A  
s t r a i g h t  l i n o  w a s  o b t a i n e d  t h r o u g h  t h e  o n l y  t h r e e  a v a i l a b l e  
p o i n t s ,  a n d  a n  a c t i v a t i o n  e n e r g y  o f  31  K c a l  l a s  d e t e r m i n e d .  
T h e  g r a p h  i s  a s  s h o w n  i n  F i g u r e  2 5 .  T h i s  w a s  i n  g o o d  
a g r e e m e n t  w i t h  t h e  v a l u e  o f  3 4  K c a l  o b t a i n e d  011 t h e  g a s  
l i n e .
The d a ta  o b ta in e d  a re  g iv e n  i n  th e  t a b le  b e lo w :
, C5
t  G 1 / T  x  1 0  ^ s l o p e s  o f  t h e  
s t r a i g h t  p a r t
l o g  s l o p e
1 2 0
1 2 4
1 3 4
2 5 , 4 9 9
2 5 . 1 7 8
2 4 . 5 6 7
_ _ 4
1 . 0 7  m g .  m i n  
2 . 0 0  Sf 
4 . 6 3
0 . 0 2 9 3 8
0 . 3 0 1 0
0 . 6 6 5 5 8
F o r  th e  re a s o n s  g iv e n ,  th e  gas l i n e  and T .G .B .  ru n s  
c o u ld  n o t  be e x p e c te d  t o  c o r r e la t e  e x a c t l y .  The e x t e n t  o f  
th e  a g re e m e n t b e tw e e n  them  s u g g e s ts  t h a t  s i m i l a r  phenom ena 
a re  b e in g  o b s e rv e d  i n  e a ch  ca se  and  t h a t  t h e r e  a re  no 
s e r io u s  s y s te m a t ic  e r r o r s  i n  e i t h e r  m e th o d .
I l l  E l e c t r o n  M i c r o s c o p e  S t u d i e s .
A n  e l e c t r o n  m i c r o s c o p i c  t e c h n i q u e  w a s  u s e d  t o  f o l l o w  t h e  
r e a c t i o n  b e t w e e n  t h e  t w o  s e t s  o f  c r y s t a l s .  A  m e t h o d  w a s  f i r s t  
e s t a b l i s h e d  t o  p e r m i t  o b s e r v a t i o n  o f  p a r t i c l e s  r e a c t i n g  u n d e r  
t h e  e l e c t r o n  b e a m .  T h e  s a m p l e  m u s t  b e  s p r e a d  o n  a  s p e c i a l  
f i n e  c o p p e r  g r i d  o f  a  t o t a l  w i d t h  o f  h a l f  a  c e n t i m e t r e ,  
h a v i n g  o n  i t  a  n e t w o r k  o f  a  c e r t a i n  m e s h  n u m b e r ,  a s  s h o w n :
T h e  t h i c k n e s s  o f  t h e  l a y e r  s h o u l d  n o t  e x c e e d  m o r e  t h e n  
3 0 0  o t h e r w i s e  t h e  b e a m  d o e s  n o t  p a s s  t h r o u g h  t h e  l a y e r .  
T h e  p a r t i c l e s  o f  m e s h  s i z e  2 0 0  o f  g l u c o s e  a n d  v a l i n e  w e r e  
s u s p e n d e d  s e p a r a t e l y  i n  a c e t o n e .  ( A c e t o n e  w a s  c h o s e n  ' a s  t h e  
m e d i u m  b e c a u s e  n e i t h e r  c o m p o n e n t s  w e r e  g r e a t l y  s o l u b l e  i n  
i t  a n d  i t  i s  e a s y  t o  e v a p o r a t e ) .  T h e  e l e c t r o n  b e a m  h e a t s  u p  
t h e  s y s t e m  a n d  t h u s  i n i t i a t e s  t h e  r e a c t i o n .  I t  m a y  a l s o  
c a u s e  s o m e  i o n i s a t i o n ,  i n v o l v i n g  . d a m a g e  t o  t h e  c r y s t a l
l a t t i c e  - s t r u c t a r e .  ■ I n  o r d e r  t o  p r o t e c t :  t h e  C r y s t a l  a s  f a r '  
a s  p o s s i b l e  f r o m  t h e  l a t t e r  e f f e c t  ( w h i c h  o c c u r s  a l m o s t  
i n s t a n t a n e o u s l y )  a  t e c h n i q u e  w a s  e m p l o y e d  i n  w h i c h  t h e  
c r y s t a l s  w e r e  c o v e r e d  w i t h  a  f i l m  o f  c a r b o n , ,  T h i s  i s  h i g h l y  
r e c o m m e n d e d  f o r  h i g h  r e s o l u t i o n  w o r k .
T h e  c a r b o n  f i l m s  w e r e  p r e p a r e d  o n  g l a s s  p l a t e s  
m a i n t a i n e d  u n d e r  v a c u u m .  H i g h  v o l t C a g e  s p a r k s  w e r e  p a s s e d  
b e t w e e n  t w o  g r a p h i t e  p o l e s  t o  c r e a t e  t h e  f i l m .
T h e  r e s u l t a n t  c a r b o n  f i l m  c o u l d  t h e n  b e  g r o o v e d  w i t h  a  
n e e d l e  c r e a t i n g  a  s m a l l  s q u a r e  t h e  s i z e  o f  t h e  c o p p e r  g r i d .
T h e  g l a s s  p l a t e  w a s  t h e n  s l i d  i n t o  w a t e r  t ©  d e t a c h  t h e  f i l m  
w h i c h  w a s  f l o a t e d  in t h e  w a t e r ' s u r f a c e . i n  . s q u a r e  p i e c e s . ' A  
c a r b o n  f i l m  s q u a r e  w a s  t r a n s f o r m e d  t o  a  n u m b e r  o f  g r i d s .
T h e  s u s p e n s i o n  o f  t h e  p a r t i c l e s  o f  r e a c t a n t s  
w e r e  s p r a y e d  o n  t o  t h e  g r i d  w i t h  a n  a t o m i z e r ,  a n d  t h e  a c e t o n e  
a l l o w e d  t o  e v a p o r a t e .  T h e  r e s u l t i n g  g r i d s  w e r e  p u t  o n  a  g l a s s  
p l a t e  i n  v a c u o  a n d  t h e  a r c  s t r u c k  a g a i n .  T h e  g r i d s  w e r e  t h u s  
c o v e r e d  b y  a n o t h e r  l a y e r  o f  c a r b o n  f i l m  s o  t h a t  t h e  c r y s t a l s  
w e r e  p r o t e c t e d  b y  t w o  l a y e r s  i n  t h e  f o r m  o f  s a n d w i c h .  T h e  
s a m p l e s  w e r e  p l a c e d  i n  t h e  e l e c t r o n  m i c r o s c o p e .  I t  w a s  h o p e d  
t h a t  t h e  h e a t i n g  c a u s e d  b y  t h e  e l e c t r o n  m i c r o s c o p e  w o u l d  
p r o m o t e  t h e  r e a c t i o n .  T h e  p h o t o g r a p h s  ( l ) ,  ( 2 ) ,  ( 3 ) ,  a n d  ( 4 )  
a s  s h o w n  w e r e  t a k e n  a t  a  m a g n i f i c a t i o n  o f  2 5 0 0  t i m e s .
C r y s t a l s  o f  g l u c o s e  n o r m a l l y  e x i s t  a s  l o n g  r o d s  a n d  
c u b e s .  P i c t u r e  (1 )  s h o w s  a  c r y s t a l  o f  g l u c o s e  a s  a  l o n g  r o d ,  
c u b i c  c r y s t a l s  w e r e  n o t  o b s e r v e d  i n  t h i s  e x p e r i m e n t .  T h e  
c r y s t a l s  o f  v a l i n e  w e r e  m u c h  s m a l l e r  i n  s i z e  a n d  h a d  n o  
c o n s i s t e n t  s h a p e .  T h e  s a m p l e  o f  r e a c t a n t s  w h e n  e x p o s e d  t o  t h e  
e l e c t r o n  b e a m ,  s t a r t e d  t o  r e a c t  i m m e d i a t e l y .  T h i s  i s  p r o b a b l y  
d u e  t o  t h e  h e a t i n g  o f  t h e  s a m p l e  b y  t h e  e l e c t r o n  b e a m  o f  t h e  
m i c r o s c o p e .  W h e n  t h e  r e a c t i o n  s t a r t e d ,  t h e  g a s e s  e v o l v e d  c o u l d  
w e l l  h a v e  f r a c t u r e d  t h e  c a r b o n  f i l m  a n d  t h e  t e a r s  c a n  b e  s e e n  
o n  t h e  c o r n e r  o f  p h o t o g r a p h  ( 3 ) .
T h e  p h o t o g r a p h s  o f  t h e  c o m p l e t e d  r e a c t i o n  s h o w  s o l i d  
m a t e r i a l  s u r r o u n d i n g  t h e  p o s i t i o n  i n  w h i c h  t h e  g l u c o s e
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c r y s t a l s  h a d  b e e n .  T h e  c e n t r e  , o f  t h e . . - c r y s . t a l y .  h o w e v e r 9 h a s  
b e c o m e  l e s s  d e n s e  a n d  m a y  h a v e  d i s a p p e a r e d  c o m p l e t e l y .  W h a t  
a p p e a r s  t o  h a v e  h a p p e n e d  i s  t h a t  t h e  v a l i n e  a n d  g l u c o s e  h a v e  
r e a c t e d  o n  t h e  s u r f a c e  o f  t h e  g l u c o s e  t o  g i v e  a  l a y e r  o f  
i n e r t  p r o d u c t .  R e a c t i o n  h a s  c o n t i n u e d  u n t i l  t h e  l a y e r  w a s  
t o o  t h i c k  f o r  g l u c o s e  t o  d i f f u s e  e f f i c i e n t l y  f r o m  t h e  c e n t r e  
o f  t h e  c r y s t a l  i n t o  t h e  r e a c t i n g  z o n e  a n d  a t  t h i s  s t a g e  
r e a c t i o n  c e a s e d .
S t u d y  o f  t h e  r e a c t i o n  o n  t h e  h e a t e d  s u b - s t a g e  o f  a n  
o p t i c a l  m i c r o s c o p e  c o n f i r m e d  t h i s  p i c t u r e  a n d  s u g g e s t e d  a  
d e g r e e  o f  l i q u e f a c t i o n  i n s i d e  t h e  g l u c o s e  c r y s t a l ,  t h e  
l i q u i d  b e i n g  r e t a i n e d  b y  t h e  l a y e r  o f  i n e r t  p r o d u c t  a n d  t h e  
g a s e o u s  £ ) r o d u c t s  e s c a p i n g  t h r o u g h  g a p s  i n  i t .
I V  C h e m i c a l  A n a l y s i s  a n d  I d e n t i f i c a t i o n  o f  P r o d u c t s .
A n a l y s i s  o f  t h e  p r o d u c t  h a s  b e e n  t h e  f o c u s  o f  p r e v i o u s  
w o r k e r s ,  who  w e r e  p r i m a r i l y  i n t e r e s t e d  i n  t h e  r e a c t i o n  i n  
s o l u t i o n .  W e  w i s h e d  t o  k n o w  t h e  m e c h a n i s m  a n d  t h e  p r o d u c t s  o f  
t h e  r e a c t i o n  i n  t h e  d r i e d  s t a t e .
T h e  p r o d u c t s  o f  t h e  r e a c t i o n  w e r e  c o l l e c t e d  i n  t h r e e  
s t a g e s  :
1 )  T h e  g a s e o u s  p r o d u c t s .
2 )  T h e  s o l i d  r e s i d u e  w h i c h  w a s  l e f t  b e h i n d .
3 )  T h e  p r o d u c t s  w h i c h  s u b l i m e d  o n  t h e  w a l l s  o f  t h e  
r e a c t i o n  c o n t a i n e r .
H o w e v e r ,  t r a c e s  o f  p r o d u c t s  f r o m  o n e  s t a g e  o f t e n  w e r e  
d e t e c t e d  i n  t h e  o t h e r  s t a g e s .
1 )  T h e  g a s e o u s  p r o d u c t .
T h e  f i r s t  p r o d u c t s  t h a t  c a m e  t o  a t t e n t i o n  w e r e  t h e  
g a s e o u s  p r o d u c t s .  I n i t i a l  e x p e r i m e n t s  s h o w e d  t h a t  c a r b o n  
d i o x i d e  w a s  a  m a j o r  c o n s t i t u e n t .  F i g u r e  ( .2.6 )  s h o w s  a n  e x p e r i m  
e n t  d o n e  t o  d e t e r m i n e  t h e  r a t e  o f  e v o l u t i o n  o f  c a r b o n  d i o x i d e  
A  c o l d  f i n g e r  w a s  u s e d  t o  f r e e z e  o u t  t h e  o t h e r  v o l a t i l e  
o r g a n i c  c o m p o u n d s  s o  t h a t  o n l y  t h e  c a r b o n  d i o x i d e  p r e s s u r e  
w a s  r e c o r d e d  o n  t h e  m a n o m e t e r .  T h e  c o l d  f i n g e r  w a s  c o o l e d  
b y  s o l i d  c a r b o n  d i o x i d e  a n d  a c e t o n e .
T h e  v o l a t i l e  o r g a n i c  c o m p o u n d s  w e r e  f o u n d  t o  c o n s t i t u t e  
h a l f  t h e  t o t a l  g a s e s  p r o d u c e d .  T h e y  w e r e  d i f f i c u l t  t o  c o l l e c t  
i n  a  s i z e a b l e  q u a n t i t y  f o r  a n a l y s i s .  T h e  g a s e o u s  p r o d u c t s  
w e r e  l i q u e f i e d  b y  l i q u i d  a i r  i n  a  s p e c i a l l y  d e s i g n e d  t r a p .  
P r i m a r y  a n a l y s i s  w a s  d o n e  b y  m a s s - s p e c t r o m e t r y .  T h e  m o s t
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Fig. 26. Rate of evolution of C0.£ at 134°C using 
Car.dice to freeze the volatile compounds
c u r v e
a b u n d a n t  p e a k s  w e r e  o b s e r v e d  a t  m a s s e s  1 8 ,  f t 3 ? f t f t , a n d  7 2 . 
O t h e r  m a j o r  p e a k s  w e r e  o b s e r v e d  a t  m a s s  n u m b e r s  2 8 ,  29  * 3 9 ? 
f t ' l  ,  f t 3  ? 5 5 ? 5 6 , 5 7 ? 6 0 ,  a n d  m i n o r  p e a k s  a t  h i g h e r  m a s s  
n u m b e r s  1 2 2  a n d  1 f t f t 0 A  d i a g r a m  o f  t h e  s p e c t r u m  i s  s h o w n  i n  
F i g u r e  2 7 * W h e n  o n l y  g a s e o u s  p r o d u c t s  w e r e  s u b m i t t e d  t o  t h e  
m a s s  s p e c t r o m e t e r  o n l y  7 2 , 6 0  w e r e  s e e n  w i t h  o t h e r  f r a g m e n t  
i o n s  a t  l o w e r  m a s s  n u m b e r s .
G a s  l i q u i d  c h r o m a t o g r a p h y  ( G . L . C . )  w a s  u s e d  t o  d e t e c t  
t h e  n u m b e r  o f  c o m p o n e n t s  i n  t h e  g a s e o u s  p r o d u c t s .  F o r  t h i s  
p u r p o s e ,  t w o  c o l u m n s  w e r e  u s e d ,  o n e  c o n t a i n i n g  P o r o p a k  Q  
( c o m m e r c i a l  n a m e )  a t  t e m p e r a t u r e  1 5 0 ° C ? a n d  t h e  o t h e r  
d i n o n y l p h t a l a t e  ( D . N » T . )  a t  t e m p e r a t u r e  7 C P c *  T h e  g a s  
s a m p l e s  w e r e  c o l l e c t e d  i n  e v a c u a t e d  s a m p l e  b o t t l e s  w i t h  t a p s  
a n d  w e r e  i n t r o d u c e d  b y  a  g a s  t i g h t  s y r i n g e  i n t o  t h e  G . L . C .  
s y s t e m .  F o u r  c o m p o n e n t s  w e r e  d e t e c t e d ,  o f  w h i c h  o n e  w a s  
m u c h  m o r e  a b u n d a n t  t h a n  t h e  o t h e r s ,  i . e .  t h e  p e a k s  o n  t h e  
D . N . P o  c o l u m n  w e r e  i n  t h e  r a t i o s  1 0 : 1 . 8 : 0 . 6 : 0 . 5 * T h e  
c o m p o u n d  c o r r e s p o n d i n g  t o  t h e  m o s t  a b u n d a n t  p e a k  w a s  
p r e s u m a b l y  r e s p o n s i b l e  f o r  t h e  l a r g e  p e a k  a t  m / e  =  7 2  i n  
t h e  m a s s  s p e c t r u m .  O t h e r  a s p e c t s  o f  t h e  m a s s  s p e c t r u m  
o b t a i n e d  e . g .  t h e  p e a k  a t  m a s s  f t 3 ,  s u g g e s t e d  a  c o m p o u n d  w i t h
a  c a r b o n y l  g r o u p .  T h e  p e a k  c o u l d  b e  d u e  t o  t h e  h y d r o c a r b o n
+ + 
f r a g m e n t  C U r L ,  o r  t o  t h e  o x y g e n a t e d  i o n  C H ^ C O  t h o u g h  t h e
l a t t e r  d o e s  n o t  a r i s e  f r o m  t h e  h i g h e r  a l d e h y d e s .
T o  i n v e s t i g a t e  t h i s ,  a  f e w  a l d e h y d e s  a n d  k e t o n e s  w e r e  
u s e d  a s  r e f e r e n c e  c o m p o u n d s  o n  t h e  G . L . C .  c o l u m n  t o  t r y  
a n d  i d e n t i f j r  t h e  m a j o r  r e a c t i o n  p r o d u c t s .  I s o b u t y r a l d e h y d e
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Fig, 27. M&ss-spectra of Condensed Gaseous Products from 
the Glucose/Valine Reaction
g a v e  a  s p l i t  s h a l l o w  p e a k  o n  P o r o p a k  CJ, w h i c h  h a d  v i r t u a l l y  
t h e  s o .m e  r e t e n t i o n  t i m e  a s  t h e  h i g h e s t  p e a k  g i v e n  b y  t h e  
r e a c t i o n  p r o d u c t s .  T h i s  g a v e  s o m e  r e a s o n  t o  a s s u m e  t h a t  m a s s  
7 2  i s  t h e  i s o b u t y r a l d e h y d e .  T h e  f r a g m e n t a t i o n  o f  i s o b u t y r a l -  
d e h y d e  i s  k n o w n  a n d  t h e  m a j o r  p e a k s  ( i n  o r d e r  o f  a b u n d a n c e )  
a r e  4 3  ( C ^ H y * ) ,  41  ( G r i t y * ) ,  7 2  ( p a r e n t  i o n ) ,  2 7  ( G g H - / ) ,
2 9  (C H O  o r  C g H p * ) ,  3 9  ( C A H ^ * ) ,  4 2 ,  2 8 ,  4 4 ? a n d  5 7 * T h e  m o s t  
s i g n i f i c a n t  f r a g m e n t a t i o n s  a r e  a p p a r e n t l y  l )  C H ^  ^ ^  j
GH3 ^ 4 3  ' 29
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a n d  2 )  G H 3 y L  o i l - - CHO b y  l o s s  . o f  e i t h e r  m e t h y l  g r o u p ,
GKv " "3
I n  o r d e r  t o  c o n f i r m  t h i s  r e s u l t ,  f u r t h e r  i n v e s t i g a t i o n s  
w e r e  c a r r i e d  o u t  b y  N u c l e a r  M a g n e t i c  R e s o n a n c e  a n d  l a t e r  b y  
I n f r a - r e d  t e c h n i q u e s .  T h e  v a p o u r s  l i q u e f i e d  o v e r  a  s e r i e s  o f  
r u n s  w e r e  c o l l e c t e d ,  a n d  t h e  l i q u i d  w a s  m i x e d  w i t h  c a r b o n  
t e t r a c h l o r i d e  ( G C l ^ ) ,  T h e  m a . j o r  c o m p o n e n t  w a s  e x t r a c t e d  
w e a k l y  i n  s o l v e n t ,  l e a v i n g  a  l a y e r  o f  w a t e r  w h i c h  w a s  a l s o  
p r e s u m a b l y  p r o d u c e d  i n  t h e  r e a c t m o n .  T h e  c a r b o n  t e t r a c h l o r i d e  
l a y e r  w a s  u s e d  f o r  N . M . R .  p u r p o s e s .
T h e  i n f r a - r e d  s p e c t r u m  w a s  o b t a i n e d  u s i n g  a  s i l v e r  
c h l o r i d e  l i q u i d  c e l l ,  o f  p a t h  l e n g t h  0 . 5  m m . s i n c e  t h e  
c o m p o n e n t s  c o u l d  n o t  b e  f r e e d  o f  w a t e r  e a s i l y .  T h e  C C l ^
s o l u t i o n  c o n t a i n i n g  t h e  e x t r a c t  w a s  i n j e c t e d  i n t o  t h e  
l i q u i d  c e l l .
T h e  s p e c t r u m  s h o w e d  a  s h a r p  p e a k  . a t  1 7 0 5 ’ w a v e -  
n u m b e r s ,  c h a r a c t e r i s t i c  o f  c a r b o n y l  g r o u p  a b s o r p t i o n ,  a n d
a l s o  a  p e a k  a t  2 9 9 5  w a v e  n u m b e r s  i n d i c a t e d  t h e  C ~ H  s t r e t c h i n g
A  s e r i e s  o f  p e a k s  o f  m e d i u m  i n t e n s i t y  a l s o  o c c u r r e d  a t  w a v e -
n u m b e r s  b e l o w  1 6 0 0  w h i c h  m a y  b e  a s s o c i a t e d  w i t h  H - C  v i b r a t i o n
o f  t h e  C H ,  ^ g r o u p .
CH?-"
"3
A n a l y s i s  b y  N . M . R .  c o n f i r m e d  t h i s  r e s u l t .  T h e  s o l v e n t
C  C ly ^  h a s  n o  p r o t o n  t o  a p p e a r  i n  t h e  s p e c t r u m  a n d  t h e r e f o r e
w a s  i d e a l .  T h e  N . M . R .  s p e c t r u m  o f  t h e  c o m p o u n d  s h o w e d  t w o
d o u b l e t s  a p p e a r i n g  a s  o n e  c l u s t e r  a t  c h e m i c a l  s h i f t  5 =  1 . 2
s h o w i n g  t h e  t w o  m e t h y l  g r o u p s  j o i n e d  t o  t h e  n e i g h b o u r i n g
g r o u p ,  a n d  s e v e n  s h a l l o w  p e a k s  a t  6 = 2 . 3  s h o w i n g  ~ T  C H
m e t h y n e  g r o u p  a n d  a l s o  a  d o u b l e t  d u e  t o  t h e - p r o t o n . i n  t h e
a l d e h y d e  g r o u p  C H O  a t  6 =  9 . 6 .
W e  c o n c l u d e  t h e r e f o r e  t h a t  o n e  o f  t h e  m a i n  v o l a t i l e
p r o d u c t s  o f  t h e  g l u c o s e / v a l i n e  r e a c t i o n  i s  i s o b u t y r a l d e h y d e .
F u r t h e r  w o r k  w a s  c a r r i e d  o u t  t o  i d e n t i f y  t h e  m i n o r
c o m p o n e n t s  o f  t h e  g a s e o u s  p r o d u c t .  T h e  m a s s  s p e c t r u m  o f  t h e
g a s e o u s  p r o d u c t  s h o w e d  t w o  m i n o r  p e a k s  a t  m / e  1 4 4  a n d  1 2 2  a s
w e l l  a s  0. p e a k  a t  m / e  6 0 .  I t  w a s  s u s p e c t e d  t h a t  m a s s  60
c o u l d  b e  a c e t i c  a c i d  a n d  t h e  a p p e a r a n c e  o f  a  f r a g m e n t  i o n
a t  m / e  = 4 5  s u p p o r t e d  t h i s .  T h e  g a s  w a s  e x a m i n e d  b y  G . L . G *
f i t t e d  w i t h  a  k a t h e r o m e t e r .  A  p e a k  a p p e a r e d  a t  t h e  s a m e
r e t e n t i o n  t i m e  a s  f o r  t h e  a c e t i c  a c i d  u s e d  a s  r e f e r e n c e .
T h e  p r o d u c t i o n  o f  a c e t i c  a c i d  h a s  b e e n  r e p o r t e d  b y  S i m o n  
6 4
a n d  H e u b n c h  1 ( 1 9 6 5 )  f r o m  t h o  r e a c t i o n  b e t w e e n  g l u c o s e
a n d  b a s i c  s e c o n d a r y  a m i n e s ,  a s  w e l l  a s  b y  H o d g e  a n d  F i s h e r  
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a n d  N e l s o n  ( 1 9 6 3 ) .  M a s s  1 2 2  w a s  o n l y  o b s e r v e d  a s  a  s h a l l o w ;
i s  s u s p e c t e d  t o  h e  d i m e t h y l  p y r a z i n e  i d e n t i f i e d  h y  D a w e s  
90
a n d  E d w a r d s  ( 1 9 6 6 )  f r o m  t h e  v o l a t i l e  p r o d u c t s  o f  g l u c o s e
a n d  g l y c i n e .  M a s s  1 f t f t  i s  a  t r a c e  c o m p o u n d  f r o m  t h e  s e c o n d
s t a g e  w h i c h  i s  d i s c u s s e d  b e l o w .
2 )  S u b l i m e d  p r o d u c t s .
A f t e r  a n  h o u r ’ s  h e a t i n g  o f  a  v a l i n e / g l u c o s e  s a m p l e
a t  1 3 f t ° G  ? i t  w a s  s e e n  t h a t  p a r t  o f  t h e  p r o d u c t  c o a t e d  t h e
g l a s s  w a l l  o f  t h e  r e a c t i o n  v e s s e l  i n  t h e  f o r m  o f  a  b r o w n
c o l o u r  a s  w e l l  a s  a  w h i t e  c o a t i n g .  T h i s  w a s  w a s h e d  c a r e f u l l y
f r o m  t h e  v e s s e l  w i t h  m e t h a n o l  a n d  t h e  s o l u t i o n  l e f t  t o  d r y .
I n  s p i t e  o f  i t s  p r o b a b l y  b e i n g  a  m i x t u r e ,  a  m a s s  s p e c t r u m  o f
t h e  r e s i d u e  w a s  r u n .  T h e  s a m p l e  w a s  i n t r o d u c e d  o n  a  d i r e c t
i n s e r t i o n  p r o b e  i n t o  t h e  i o n  s o u r c e  w h i c h  w a s  a t  1 0 0 ° C .
A  r e a s o n a b l e  s p e c t r u m  w a s  o b s e r v e d ,  s h o w i n g  a  l a r g e  p e a k  a t
m / e  1 f t f t  w h i c h  a p p e a r e d  t o  b o  a  p a r e n t  p e a k .
T h e  f r a g m e n t a t i o n  p a t t e r n  s u g g e s t e d  t h a t  t h i s  c o m p o u n d
c o u l d  b e  t h * *  a l l e g e d  r e d u c t o n e  i n t e r m e d i a t e  t h o u g h t  t o  D o
p r o d u c e d  f r o m  t h e  r e a c t i o n  b e t w e e n  s e c o n d a r y  a m i n o s  a n d  
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r e d u c i n g  s u g a r s  .  T h e  m a s s  s p e c t r u m  s h o w n  i n  F i g u r e  28 
s u g g e s t s  t h a t  t h a t  t h e  f r a g m e n t  a t  m / e  1 01  i s  o b t a i n e d  f r o m  
t h e  p a r e n t  p e a k  a t  1 ftft b y  l o s s  o f  G l i ^ C O *  ( f t 3 ) .  O t h e r  p e a k s  
o b s e r v e d  a t  l o w e r  m a s s  n u m b e r s  w e r e  a t  8 f t ,  7 2 , a n d  6 0 .  T h e  
p e a k  a t  7 2  c o u l d  b e  a  t r a c e  o f  i s o b u t y r a l d e h y d e  l e f t  i n  t h e  
c o m p o u n d ,  a n d  t h e  p e a k  a t  m / e  =  6 0  i s  p r o b a b l y  a c e t i c  a c i d ,  
a s  r e p o r t e d  e a r l i e r  i n  t h i s  s e c t i o n .  T h e  p e a k s  a t  l o w e r  m a s s  
n u m b e r s  s u c h  a s  5 7 ?  5 5 ?  f t 5 ?  f t f t ?  f t 3  ? f t 2 ,  f t i  ,  3 9 ? a n d  31  w e r e
p e a k  a n d  i t  i s  c o n s i d e r e d  a s  a  .m inor  p r o d u c t .  T h i s  com pound
also observed as shown in Figure 28. These were assumed to 
be partly the fragment ions from mass 72 i.e., 57? 55? 39?
41 o The Fj,+>j/Pj£ ratio of the compound of m/e was 144 was 
found to be 6.904?% The nearest ratio foundGG to the .above 
figure was at P^+^P^. = 6.762^, corresponding to the 
empirical formula CgHgO^. Evidence of functional groups in 
this compound was obtained by the use of an infra-red 
technique (Unicam SP200). Mulls of the impure compound were 
made in Nujol and hexachlorobutadiene. Fairly shallow peaks 
appeared (Nujol mull) at wave numbers 1610 and 1740* The 
former was characteristic of an alkene double bond conjugated 
to a keto group, and the latter probably corresponded to a 
diketone absorption, normally appearing in the region 1710- 
173° wave numbers.
The second spectrum (hexachlorobutadiene mull) showed 
a fairly wide peak at 3400 wave numbers corresponding to a 
hydroxyl group* which normally appears in this region and 
another sharp, moderate peak at 2950 wave numbers character­
istic of the C-H stretching mode.
The above information seemed to add more convincing
evidence of the alleged compound^: ?» 9^ 9^ 9
CH —  0— OaaQ— (j— CH,3 3
On general chemical grounds this would be expected to be
unstable and may well exist in the form:
0 0 OH 0
Ii i i (ICH_—  C — G —  <p —  G —  CH,
H
A second sample of the sublimed product was prepared
92,
Fig. 28.
Mass numbers 
Compound at Molecular Weight ~ 144
and treated with 2:4 dinit rophenylhydrazinepi .A precipitate^ 
was obtained, which was filtered off and dried. The mass 
spectrum of the compound showed no mass number corresponding 
to the dinitrophenylhydrazone -of the, above compounds. . The 
spectrum obtained showed a parent peak at m/e = 264 
corresponding to a carbonyl compad of mass 8 4. This was not 
identified at this stage.
The filtrate was evaporated to dryness, and an orange
yellow compound was crystallised. This compound decomposed
at near 100°C. Its mass spectrum showed what was apparently
a>. parent peak at m/e = 183. This could indicate, the presence
of an odd number of nitrogen atoms. The M+1/M ratio was of
the magnitude 9.4%* ' The nearest figure found -in the. standard 
66tables was 9.344/^ suggesting a formula of C^H^N^O^. The 
infra-red spectra of the compound were run on Nujol and 
hexachlorobutadiene as the media. A doublet was obtained with 
maxima at 15 8 5 and 1 620 wave numbers. The former could be 
N-H bonding and the latter which was sharper could be dae 
to G N group
Peaks were also appeared at 1340 wave numbers (medium) 
andl430 wave numbers (shallow) and 1520 wave numbers (medium). 
The one at 1410 indicates 0-H bending, and the one at 1520 
indicates a secondary amide in open chain form.
A medium wide doublet also appeared (in hexachlorobuta­
diene mull) at 3300-3445 wave numbers. This is characteristic 
of amines and secondary amines, though the latter absorb 
only weakly. However, the results also are consistent with
the ahsorhancc peaks for secondary amides s-'C-N-H 
which have a similar -pNH.group*. The characteristic of the 
secondary amide in solid form is a small additional band at 
3070-3100 wave numbers. This was found in the spectrum and 
supports the existence of the CO-N-Ii grouping in the compound.
Several other compounds were sublimed onto the cold 
finger, and onto the wall of the glass container. Samples 
were taken from different parts of the container and were 
introduced into the mass sxDcctrometer. The various samples 
gave large peaks at 2 0 7? 1ft2 , and 7ft respectively, but little 
further information was obtained,
~X) Analysis of Solid Product_s.
Analysis of the solid reation product is the most 
difficult part of these experiments. Some workers hane 
suggested over thirty compounds are formed in the liquid 
phase. Relatively small amounts of product were obtained in 
the present work, so detailed investigation-was impossible 
but a number of experiments were carried out.
The major solid xoroduct of the glucose/valine reaction 
was a brown solid residue. The sample used here was obtained 
after two hours of heating at 13ft°G. Attempts were made to 
find out about individual products to be separated. The 
residue was largely soluble in methanol at room temperature.
A small amount of black material was filtered out, and a 
clear dark brown solution evaporated to dryness at room 
temperature. A considerable amount of unreacted valine was 
precipitated when the product was treated with ether. This
9lK
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The filtered solution was dried out hut the residue was 
a hrown sticky tar which suggested a mixture of heavy comp­
ounds. An attempt was made to separate the mixture by thin 
layer chromatography (T.L.C.). To do this a method of trial 
and error was adopted. The spot of the mixture was mobile on 
a silica gel plate using a solvent of 9:1 carbon tetrachlor­
ide and acetone. The mobility of the spot increased with 
increasing polarity of the solvent i.e. by addition of a 
small amount of methanol.
Three reasonably clear spots were obtained, two brown 
and one yellow. The spots were extracted from the silica gel 
with methanol which was then allowed to evaporate. The 
residues were subjected to mass spectrometric analysis.
Tho ,:yellow: spot gave what appeared to be a parent peak 
at m/e = 207 but the amount of material was so small that 
a detailed cracking pattern could not be obtained.
The ::brown" spots gave what appeared to be parent peaks 
at 256 and 225 and both gave a major fragment peak at m/e = 
ft3 with insignificant peaks at 39 and ft1. This suggests that 
they were carbonyl compounds. In no case was the spectrum 
clear enough for P+1 ratios to be measured.
T.L.C. techniques were probably not ideal for the 
separation of this kind of mixture and it is possible that 
the spots themselves were also mixtures.
The apparent presence of four carbonyl compounds 
suggested that it might be worthwhile to try to obtain their
s e p a r a t io n  o f  v a l i n e  w as r e p e a te d  s e v e r a l  t im e s .
phenylhydraz ones. 2:4 dinit rophenylhydrazine was added to
a methanol solution of the "brown sticky tar which had "been
used for the T.L.C. experiments. The solution was left for
about 24 hours and a heavy precipitate was obtained, which
was filtered off. An attempt was made to purify this by
recrystallization. Some crystals were formed, but when left
in the dessicator at room temperature to dry they decomposed
to a dark brown liquid after a few days. Mass spectrometric
anals^ sis of these crystals gave a peak at m/e = 36*1 .
Assuming this was a 2:4 D.l'T.P.H. adduct, the spectrum would
indicate a carbonyl compound of molecular weight 1 8 1. This
will be discussed later. Evaporation of the filtrate from
2:4 DoN.P.H. treatment gave a precipitate most of which was
2:4 dinitrophenylhydazine. A compound of m/e = 264 was
also obtained which might have been the x^ henyllp/drazone of .
a carbonyl compound of m/e = 84» This was x^resumably the
same as the compound of m/e = 84 which axqpeared in the
sublimed product.
Source of Carbon Dioxide.
It has been obsei’ved that COg gas is evolved in the
glucose/valine reaction. This has also been confirmed by 
1 2 ^0others * 31D , The source of the carbon dioxide has not been
established though it seems possible that it is produced
from the carboxylic grouxa of the amino-acid. To test this
14hypothesis, radio-active valine containing C on the 
carboxylic group was used. O.OOO36 gm of valine was obtained 
of activity 0.1 milli curie. This was dissolved in ,5mls. of
distilled water, of which 0,12 ml, was taken and added to
1,5 grams of valine dissolved in hot ethanol. This solution
in diluted form was freeze dried under vacuum to give the
labelled valine. A 1;1 mixture of the glucose and the,
dilute labelled valine was prepared, of which 400mgm. was
taken in the form of jjellets to be used for each experiment.
This was arranged so that the product would give of the 
5order of 10 counts per minute for each sample provided the 
whole of the valine reacted* It was arranged to collect 
the liberated CQn in the form of BaCCty 0 Therefore a 
solution of (H0)2Ba, barium hydroxide, which is slightly 
soluble in water, was made in hot boiling Y/ater, free from 
atmospheric 00^, It was filtered when hot to give a clear 
solution of "barium hydroxide, and this v/as immediately 
placed in a container, designed to be connected to the 
vacuum line. The (OH^Ba solution was first frozen in 
liquid air and degassed, and then put under vacuum.
The container is as shown:
The labelle d valine and glucose were then allowed to 
react. The gaseous products were condensed above the frozen 
solution by liquid air. The tap was then closed and the 
container disconnected from the vacuum line. The iced solution 
was-, left to melt, .The Solution then'.'.was shaken vigorously so 
that ,■ the j.trapped: C0£ -would dissolve.-and react with (0H')£Ba
<: 00
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to form a Ba CO., precipitate. The precipitate was filtered
'j
rapidly in a previously weighed glass sintered filter, with 
nitrogen blowing over the filter, to push the atmospheric 
gOg away from reacting with excess of (0il)oBa„
The filtered precipitate was then washed out carefully 
with methanol and hot water to remove possibly precipitated 
Ba(OH)2 and organic compounds. The weights of barium 
carbonate found in four runs were 110, 109.6, 111.2, and 
1 0 9.ft mgm, (average of 110 mgm) and these seemed reasonably 
feproducible. L suspension geljot '3.1ft gm per litre was made 
with thixotropic gel powder (CAB-O-SIL, Packard made) and 
20 inis of 2:5 dinitrophenyloxazole and toluene. This was 
placed in the counting bottle. The labelled precipitate was 
then transferred to the counting bottle, and this was 
suspended in the presence of 157.7 mgm of unlabelled 
valine. This was counted with reference to the 157.7 mgm 
of pure labelled valine in the presence of 110 mgms of 
unlabelled BaCCA in the same suspended form. The counts
j
were done by LSI 00 Beckmann liquid scintillation counter.
It is known that each ftOO mgms of 1:1 mixture contains
157.7 mgms of valine. Therefore 157.7 mgm of labelled valine.
was suspended as above, and was cuunted m  the presence of
BaCCA to obtain a calibration. Each labelled compound was
counted in the presence of the other unlabelled compound
so as to provide the same environment in each case. The
1ftintensity of j^ -rays produced by BaC CA is reduced by 
unlabelled 3aCCA and the same applies to the labelled
D
valine. Therefore adding unlabelled BaC0_, and valine respec.
3
tively to labelled valine and labelled BaCO^ respectively 
ensure the same counting efficiency in each case, Bach sample 
was counted several times and an average count was obtained 
for each one.
The fact that radioactive barium carbonate is obtained 
at all shows that some of the carbon dioxide must have come 
from the labelled carboxyl grouj) of the valine. The propor­
tion v/hich does so can be calculated as follows:
Assuming all the carbon dioxi.de comes from valine , 117 
gins of valine would give 44 gms of carbon dioxide which in 
turn would give 197 gms of barium carbonate. Hence 157°7'^ gm 
of valine would give 2 6 5,2mgm of barium carbonate and these 
two amounts would be expected to give the same count rate. 
Thus the quantit3y x of BaCO_ obtained for each run, on the 
above assumption could be worked out as follov/s;
Sample (1 ):
Average G.P.M. 
(sample 1)
Average G.P.M 
(sanrple 2) 
3 2 , 5 0 0
Reference Valine
( C14)
41 ,728 101 ,040 C.P.k.
x 41 ,700 (CoP.M. sample 1 )
the carbon dioxide produced conies from carboxyl group of the 
valine.
Considering sample (2):
4 / rThe quantity of BaC 0-, expected was obtained as above
3
265* 1 92 =5 1 Oj *040 (C.P.M. reference)x ^32 ,000 (C, P „ lu. sample 2 ) #
x = 84.0 mgm of BaC^O^
Since 110 mgm of Bac'^X was delivered to the sample 
bottle, then
The percentage of CO^ from the carboxyl group is
0 0  = 7 6 . 3 6 %
110
In spite of the discrepancy in the second experiment, 
there is little doubt that the carbon dioxide comes entirely 
from the carboxyl group of the valine.
It is also possible to carry out a rough calculation 
of the x?er cent age of valine which has reacted in these two 
experiments. Since one molecule of CO^is evolved from one
molecule of valine:
V  C0o  . °^3 "pOU — CH — COOHX 4. /  no ^
therefore, 0.110 x 117 - O.O65 gram of valine reacted in.
1970.4 gm of mixture. This is a mere 41% of the whole valine 
consumed*
Water Content ~
It was noticed by GvL.C.. that a large proportion of 
the product was water., An attempt was made to assess this
quantitatively, using a Karl-Fisher titration. Experience 
showed that this is a much more difficult method to operate 
successfully than is implied by Vogel^. The Karl-Fishor 
reagent is prepared by the action of. sulphur dioxide upon 
iodine dissolved in pyridine and methyl alcohol. This proceeds 
through a two step reaction. The first step is the oxidation 
of sulphur dioxide by iodine, which takes place only in the 
presence of an oxygenated molecule. This leads to the 
intermediate compound t:pyridine-sulphur trioxidewhich is 
the inner salt of pyridine-N-sulphonic acid. The second step 
is the formation of pyridinium methyl sulphate which prevents 
the pyridj.ne complex from reacting with another molecule of 
water or other active hydrogen compound,
\ + -  * /p 2i) 3CHI N + I2 + SO + H O — 4 2CRH NH I 4 CRHrN |
0
5 5 2 2 Ai2~ '
ii) 05H N  SOp + ^  qjt — OoOgOGH
_  /  3 \
0 I-I
Hence one molecule of iodine is equivalent to one 
molecule of water. The reagent is usually specific for water 
but some compounds like aldehydes and ketones interfere with 
the standard technique and hinder the determination of the 
end point. This complicates the technique and further 
precautions and experimental details are given by Mitchel 
and others 69' 7°? 71 * 72*
A Karl-Fisher reagent was prepared and was standard­
ised against a standard solution of water in dried methanol*,
5#ft5 mgm of water corresponded.to a litre of 1 ml. Karl- 
Fisher reagent. The product sample was diluted in 2 
methoxy methanol (methyl cellosoTVe),
Because aldehydes were known to "be present in the
samples, two modifications were made to the standard
, 69technique. As r e^ ,c ommende d hy Mite he 1 and Smith the solut­
ions were made up in 1 :3 methanol/pyridine mixture, to 
facilitate the determination of the end point. Also the 
precision of the end point was improved hy adding 1 ml of 
Kar1-Fisher catalyst (N-ethyl piperidine obtained from H &
W laboratories) to each sample. An experiment v/as carried out 
in which the products from 300 mgm of dry equimolar mixture 
of glucose and valine were collected in liquid air. The 
reaction was allowed to proceed for 120 minutes at 13ft°C.
The product was dissolved in 2-methoxy methanol and 
titrated by the Karl-Fishor method. It contained ft7.7 mgm 
of water. Weight loss experiments showed that the total 
weight of product was about 1 0 6 mgm.
An attempt also was made to determine the kinetics of 
water production by collecting the products from the reaction 
at equal intervals of time each(20 minutes). Six samples 
were collected over a period of 110 minutes. The quantities 
of water produced in each 20 minutes are shown in Table IV :
Table IV
Time(mine,) 0-20 20-ft0 ft0-60 60-80 80-1 00 100-120 total
Water prod­
uced (mgm)
2ft. 65 6.621 3.815 3.951 3.95 3.815 ft6,6 5
The final figure is in excellent agreement with the 
earlier measurement# As is shown, the largest quantity of 
water is produced during the first 20 minutes, where the 
overall rate of reaction is fastest# The second largest 
portion of water is produced in the second 20 minutes 
interval as the reaction advances further# To find the 
source of water £>roduction a calculation was attempted:
The quantity of valine reacting had been shown by the 
radioactive tracer experiment to be 4-\% i0e. 49 mgm if 117 
mgm of valine are in the original sample# This quantity 
should react assuming the initial reaction is between one 
molecule of valine and ono of glucose# If one molecule of 
valine plus one molecule of glucose gave one molecule of 
water, then 49 mgm valine plus 75*38 mgm glucose would 
give 0.049x18/117 = 7*54 mgm water# In fact, about six 
times as much water is produced.
Summary.
A large number of compounds, many of thorn unidentified, 
result from the reaction of glucose with valine. The main 
products, however, are water, isobutyraldehyde and carbon 
dioxide and the amounts of the others arc insignificant.
This conclusion was suggested by the original GoL.C rurs 
and is confirmed by weight loss calculations viz:
Tracer experiments showed that in a 300 mgm sample,
49 mgm valine reacted to givo carbon dioxide. It is extremly 
likely that the residue of the valine molecule appeared as
isobutryaldehyde, Hence ft9 mgm valine should give 1 8 0 ft mgm 
carbon dioxide and 3 0 ,1 5 isobutryaldehyde. ft7 . 7  mgm water 
wore also produced, giving these three products a combined 
weight of 96.3 mgm. The total weight loss, determined by an 
experiment on the gas line and again on the thermogravimotrio 
balance was 10.6 mgm. Thus, the other volatile organic products 
could only have accounted for about of tho yield.
A series of homologous a-amino acids were selected 
for reaction with glucose, to investigate and compare their* 
rates# The selected amino-acids were nor-valine, 2 amino- 
butyric acid, a alanine, glycine and phenyl (3 alanine.
The reaction between glucose and each of these amino 
acids was carried out at a temperature of 124°C# Figures 
2 9, 30, 31 and 32 show the reaction curves for each of the 
above mentioned amino acids except phenyl f3 alanine#
Figure 33 shows the relative rates of all the above reactions 
on the same graph. It can be seen that the maximum slopes 
of all the reaction curves are similar# The total final 
pressure on the other hand increases as the number of carbon 
atoms in the amino acid increases# The induction period is 
also generally longer in the case of a higher number of 
carbon atoms in the amino acid.
The higher final pressures cannot be an artefact due 
to condensation of products because in that case one would 
expect the the highest pressures from the lowest molecular 
weight starting materials.
It should be noted that all experiments were carried 
out with 300 mgm samples of equimolecular mixtures of 
glucose and amino acids# In the case of the lower molecular 
weight amino acids, the total moles present in the sample 
will thus be slightly higher.
R e a c t io n  B e tw e e n  G lu c o s e  a n d  some o th e r  g -a m in o  a c id s #
i o 6 „

1 0 8 .
1:1 mixture of glucose 
and OL alanine
1:1 mixture of glycine and glucose
F i g .  3 2 .
I0 9 o
CO
Glueose/n-.valine reaction .
The kinetics of glucose/nor valine reaction were 
investigated, and the main products identified. The reaction 
curves are shown in Figure 29 'which illustrates six runs and 
gives some idea of the reproducibility of the experiments.
A sample of the gaseous products from the reaction was 
submitted to mass spectrometric analysis. The spectrum showed 
outstanding peaks at mass numbers 72, 57? ftft? ft3? fti ? 39? 29 
and 28, Mass 72 could be the molecular ion of butyraldehyde, 
expected from the reaction by analogy with valine. The
fragmentation of this could load to some of the other ion
v 57 N ft3 ) 29 29 N ft3 s 72peaks as shown : C H C H O  or CIA— CHx-f-CHr-ft CHO
k 3 N 3 2 > 2 2 S 1 u. 3 3 - 2  1
Peaks at ft1 and 39 lend some support to the idea that mass
ft3 is G^ lij . Mass number 28 could be a C=0 fragment from the
carbonyl group. The peak at ftft is of course due to carbon
dioxide and some of the mass 28 will arise from this source.
Some of the gaseous product was condensed and submitted to
mass-spectrometric analysis, better sensitivity being obtained
in this way. This time an extra peak at m'/e = 60 also
appeared plus another peak at ft5 as well as mass ft3^.
These peaks could be indicative of acetic acid as reported
also in the valine reaction.
The products also were studied by N.M.R, and I„R, 
techniques. The spectrum obtained by N.M,R, using Do0 as a 
solvent showed peaks at various chemical shifts ;
(i) A triplet at S = 0*91 indicative of a methyl group,
(2) a sextet at t = 1.55 (3) a triplet at 5= 2,50 indicative
of another Clip group adjacent to the former CHp group
(4) a triplet at 6= 9.69 the region characteristic of the
aldehyde group. The observations above were consistent
with the major product being butyr^aldehyde CH^CHgCH-GHO.
Other peaks at chemical shifts 5= 2.1, 8= 2.2, § = 3.33 and
3 .7 0 suggested another oleflnie compound, which could
not be identified. Analysis by an infra-red technique was
carried out using AgCl window cells and a liquid cell
The spectrum showed a peak at 1640 wave numbers. This peak
was believed to belong to CHO absorption which would
-1normally appear as 1700cm, , The shift could be attributed
to the solvent DpQ, and this was confixvned using a sample 
of butyraldehyde in heavy water.
The rate curve for glucose and 2 amino butyric acid
is shown in Figure y 0. R eproducibility runs are also
shown. The reaction was carried out at 124°C under vacuum#
Preliminary analysis was carried out by mass-spectrometer,
and the spectrum of the liquified products obtained. Major
peaks were found at mass numbers 15? 18, 2 7? 28, 29? 39?
41, 43, 44? 45? 55, 57? 58? 69? 8 4, and 98. The most
abundant peaks observed were respectively 29? 58? 28, 27?
57? 41 ? and 39. These are known to arise in the mass-
(6 ? )spectrum of propana 1 ■ - ' CHv-OHp—GHO a. Mass 44 was intens-J3* =
if led when the gaseous product was examined j this., was due
to C0,p ^ produced in the .reaction.
Mass 84 is believed to be the carbonyl compound,
which also was obtained in the* glucose/valine product.
Mass 98 could be. th® product of an aldol condensation •
be tween, the two-molecules*, of propanal, with less of one'
molecule of water,* The peak at m/e’~ 60 was fairly small,
but there were also peaks at 43? 44 and 45? suggesting the
existence of a small amount of. acetic acid.
The condensed products from the reaction were extracted
in CDCl^y for analysis by N,M,R and I.R techniques. The
N.M.R spectrum showed a triplet at a chemical shift of
,5= 1,0 indicating of a CH-, group. There was also a cluster
5
of four fairly shallow peaks at 5 = 2.4 indicating cf 
CIi2 group? and a triplet at § = 9.8 characteristic of 
aldehyde groups, A peak at 5. = 4 .6 5 showed some trace of
G lu c ose  a nd  2 -  a m ino , - b u t y r i c  a c i d r e a c t i o n
!X 3o
water. The above data was consistent with the structure 
CH3-CH2-CHO propanal.
A further triplet appeared at 5 = 9.4 indicative of 
a second aldehyde possibly belonging to the aldol at 
m/e = 98. The extracted products in CDGl^ were also used 
for I.R analysis. A liquid cell with AgCl windows was 
used to contain the solution. The spectrum obtained 
showed a sharp peak at 1 7 1 8 wave numbers characteristic of 
carbonyl absorption, as well as a sharp peak at (2920 
indicative of H-C stretching. A medium peak also appeared 
at 1665 wave numbers, which could be due to the carbonyl 
group of an a or '.(3 unsaturated carbonyl compound. This is 
further evidence for the occurrence of an aldol condensation
to give CH~CH''CH=CHCH~CH0 (3 Hexen „ 1. al).
3  A 2
The reaction between glucose andalanine was carried 
out at 1 24°C on the gas line and the rate of pressure 
change was obtained versus time as shown in Figure 31 . 
Reproducibility runs are again shown. A sample of gaseous 
products, collected under vacuum was sepa.ra.ted by G-.L.C,
Five peaks appeared close to one another, one being much 
larger than the others. They were in the ratio 11.0:1:
0.5:0,3:0.25. The largest peak was thought to be acetaldc- 
hyde and it appeared at the same retention time as a 
reference sample of acetaldehyde• A sample of liquified 
gaseous products was introduced in mass-spectrometer.
The spectrum obtained showed peaks at mas^numbers 9 6, 95?
92, 91 ? 78, 58, 45? 44? 43? 42, 41? 39? 3 0, 28 and 27.
The standard mass spectrum of acetaldehydepeaks at 
29? 44? 43? 15? 42? 41 ? 2 8, 27? 45 and 30. Among the peaks 
not due to acetaldehyde were two at masses 96 and 95 of 
almost tho same height. They could possibly be due to 
furfural as a minor compound in the mixture, since these 
are the biggest peaks in its s p e c t r u m ^ T h e  peaks at 
masses 9 2, 91? 7 8, and 58 were not assigned.
The gaseous products wore liquified and extracted in
deuterated chloroform CDC1V and examined by the N.M.R3
technique. The spectrum showed only a doublet at chemical 
shift of 8.5= 1 . 9  indicating a methyl group and a quartet 
at 5 = 9.74 indicating a CHO group. The solution was also 
used for I.R purposes. A peak appeared at 1710 wave numbers
G lu c o s e  a n d  oc. a la n in e
indicative of a carbonyl compound, and a sharp peak at 
2905 wave numbers appeared due to H-C stretching. The 
above data confirm that the major component was acetaldehyder 
On one mass spectrum, a small peak was. found at mass 
70 which could have been due to the aldol condensation 
product CII^ .CH=CH. CHO (crotonaldehyde) but this was not 
reproducible and thoro was no sign of the material in the
I.R and N.M.R spectra.
The reaction between glucose and glycine was carried 
out at 12ft°C. The reaction curves and reproducibility runs 
are shown in Figure 32. The curves flattened at a much 
shorter time? than those of the other amino acids. The 
final pressure was also smaller. The gaseous products 
were collected under vacuum as usual and were separated on 
G.L.O. system with a DoN.P. column at 60°C. Four peaks 
appeared at the abundance ratios of 9:3:1:0.5. By analogy 
with the other amino acids formaldehyde was expected to 
be a major product, and a sample was used as reference.
No formaldchyde was identified in the products,
A sample of the gaseous products was submitted to 
mass spectrometric analysis. The spectrum obtained showed 
peaks at mass numbers, 96, 95? 72, 58, 57? ft5? ftft? ft3? ft2, 
and 29. The peaks at fti and 39 were smaller than the one 
at ft3. The most abundant peak observed was at m/e = ftft 
presumably indicative of carbon dioxide, Masses 96 and 95
/ /  y \were of almost the same height and may be due to furfural'
The characteristic furfural ion peaks were also present at 
masses 39 and 29 but many other compounds could also give 
peaks at those masses. The second highest peak was at 
m/e = ft3? presumably indicative of a carbonyl compound.
The N.M.R. spectrum showed a single small peak at 
8 = 2„ 1 which could be due to acetone which is certainly 
a carbonyl compound and which gives mass spectral peaks at 
29, 58, 28, ft3, 18, 57? fti? 39 and 15 in order of abundance.
G lu c o s e  a n d  g ly c in e  r e a c t i o n
Masses 72,57 and 29 could arise from butanone but no 
confirmatory evidence was found and most of the product 
were not identified.
1 X 8 .
The reaction between glucose and 3 aminobutyric acid 
(which is not an<x amino acid) was carried out under 
vacuum at 124°C0 The reaction curves obtained are shown 
in Figure 34, The reaction rates were not reproducible 
and the reaction seemed to be in two stages# The reaction 
started immediately without a noticeable induction period, 
though the reaction temperature was 10°C lower than in the 
glucose/valine reaction.
A sample of the gaseous products was submitted to 
G-.L.C. for separation. The column used was a Poropak Q at 
157°C, T w o  major peaks were observed close to one another, 
one being 4 times as abundant as the others. The minor 
compound was thought to bo acetone, since the reaction time 
of a reference sample was almost identical. The gaseous 
sample of the product was submitted to mass spectrometric 
analysis, Tho spectrum showed peaks at 86, 84? 60, 58, 45? 
44? 43? 39: 41, 29 and 22, Peaks at masses 44 and 22 
showed good evidence for presence of CO^, A second sample 
of the condensed products was extracted in D^O and was 
analysed mass spectrometrically. The spectrum showed peaks 
at 137? 119? 91? 87? 86? 69? 68, 6 0, 6 1 , 58, 46, 45? 44?
43? 41? 39? 28, Tho relative abundant peak at 61 was; 
thought to be the deuterated- &cetic aOicl at mdss 60* This 
was supported by the relative*.'increase of* mass>»46 to mass 
45. Mass 58*'was thought to be the acetone, as--reported , 
above? and.mass 87 may possibly be the deuterated 86.
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A third mass spectrum was run on a white sublimate 
which coated the top of* tho sample bottle. A mcfecular ion 
peak appeared at mass 152 but the compound could not be 
identified.
The main products were extracted in CDCl^ and a few 
samples were prepared for* N.M.R. analysis* One of them 
seemed to have one of the components in abundance and no 
significant peaks of other components ?/ere observed. The 
spectrum showed two doublets at chemical shifts of % ~ 1*8 
and 8 = 1.90 and s singlet at § ~ 2,10, A doublet of 
coupling constant J = 1 6 o/Secand a quartet appeared at lower 
field. These are characteristic of allylic hydrogen 
couplings. The doublet was at 6= 5.78 and the quartet 
b= 7.0.
The singlet was identified as an isolated methyl 
group adjacent to a non protonated group e.g. 0=0. The 
two doublets at higher field were identified as a methyl 
group adjacent to a ethone group GH=CH0 Each' of the 
hydrogens of the group .couples, separately-...with the methyl 
group 'and..this, results.! in two doublets. ' In return the 
methyl group couples: With each of the hydrogen .’Of the ethen 
group at lower fields-.. -The abovewinfopmatt*oil suggests the. 
structure CH^-CD-OH+CB-OH^, 3-pente-n-2-one. An extra- 
singlet of relative intensity of less than half appeared 
at .6= 2.02, which was thought to be the acetone identified 
by G.L.O, The extracted solution of CDCl^ was used for
I.R. analysis. The spectrum obtained showed a strong peak
at 1686 wave numbers characteristic of unsaturated keto 
compounds and two other peaks at 1596 and 1640 wave 
numbers presumably due to the presence of a double bond,. 
This peak usually appears weaker at wave numbers 1590-640. 
The peak due to H-C stretching appeared at 2930 wave number 
The two major reaction products detected by G-.L.C. 
thus appear to be acetone and 3“Penten-2-one, The latter 
contains five carbon atoms compared with the amino-acid1s 
four, and almost certainly arises from the glucose. It is 
tempting to suggest that the acetone arises from 
simultaneous decarboxylation and deamination of the amino 
acid, analogous to the reaction of anCX-amino-acid to 
give an aldehyde. The occurrence of carbon dioxide 
supports this view. Acetone was? however? detected as 
a reaction product in most of the other experiments and 
probably comes from the glucose. This conclusion is 
supported by the reaction curves which do not resemble 
the smooth sigmoid curves obtained from glucose and 
amino acids.
1 2 2 0
The reaction between 4*amino butyric acid and glucose 
was carried out at T  = 124°C under vacuum. The rate of 
pressure change was plotted against time. Figure 35 shows 
the reaction curves obtained. There was practically no 
induction period and the reaction was faster than with the 
a. and -j3 amino acids. This is shown by the slope of the 
reaction curve obtained. The mass-spectrum of the gaseous 
products showed peaks at mass numbers 9 2, 91, 7 4 ? 7 2 , 5 7 ? 44 
and 43 and shallow peaks at 41 and 39® A sample of the 
liquc-fied products was also introduced into the mass- 
spectrometer, this giving greater sensitivity and more ion 
peaks.
The nearest ion was at m/e = 166 with a P+1 peak at 1 6 7 . 
The ratio (P^-t-1 )1 00/P^ = 0.63x100/4.63 = 13.6 suggesting the 
empirical formula of the nearest ratio 13*477GG.
Other peaks observed were at 149 ? 1 07 ? 77 ? 6 1 , 58 ? 56, 44 ?
43? 4? and 39. A further sample of the liquefied gases was 
introduced directly into the mass-spectrometer. The spectrum 
obtained was quite different from the previous ones. It 
showed an ion peak at m/e = 118 and further peaks at masses 
86, 76, 74? 71? 6 9? 6 1 , 55? 44? 43? 41? 39? 29? and 28. 
Further mass spectra were inconsistent and reliable resuits 
were not obtained. This is frequently the case with the 
mass-spectra of pure sugars ( see page £f>6).A G.L.C. of the 
gaseous compounds was carried out. Four components appeared 
at different retention times, of which one had a high
4 - a m in o  - b u t y r i c  a c ic l  a n d  g lu c o s e .
abundance and the others were small peaks. The masses at 
58? 7 2 , and 86 as were shown in the mass spectrum suggested 
the possible occurrence of some homologous ketones such as 
acetone, ethyl methyl ketone and methyl n-propyl ketone. The 
liquefied product therefore was run on a D.N.P. column at a 
temperature of 70°C, with reference to tho above mentioned 
ketones. Three peaks appeared having identical retention 
times with the reference compounds. An attempt was made to 
separate the hydrazones of the above carbonyl compounds 
by moans of thin layer chromatography. 2:4 was
added to the liquefied mixture, a precipitate was obtained 
and filtered, and then dissolved in chloroform. A mixture 
of carbon tetrachloride, hexane and ethyl acetate in the 
ratio 10:2:1 was mado as the mobile medium (recommended for 
the separation of homologous ketones). The hydrazone solution 
was then mounted 011 a silsca gol plate, and after drying, 
was separated in the above medium. A few lines were separated 
of which three had higher values than the others, and 
were scraped off the plate and the compounds contained in 
them were washed out with absolute ethanol from the silica 
gel. The ethanol solutions wore evaporated to dryness over 
a water bath around 70°G. Visible crystals were not obtained 
due to the paucity of material, but the compounds were- placed 
on the insertion probe of the. mass spectrometer and allowed 
to dry. Though trace .hydrocarbons present in the hexane had 
contaminated tho compounds, ono of the samples appeared to 
have a molecular weight of 252 and the second a molecular
weight of 266, These correspond to carbonyl compounds of 
molecular weight 72 and 86 i.e. presumably methyl n-propyl 
ketone and methyl ethyl ketone.
The compound giving the third line was abundant enough 
for a few mgms of crystals to be obtained. The mass-spectro- 
mctric analysis showed a parent ion peak at m/e = 276, 
indicating a carbonyl compound of molecular weight 96, which 
had not been detected in the mass-spectra of the gas samples 
The melting point of the crystals was determined to be 228°C
This corresponded most closely to the published value of
o 73230 0 for the 2:4 dinitrophenylhydrazone. of furfural
which also has a molecular weight of 96.
This identification was confirmed by making a reference 
hydrazone of furfural and comparing the infra-red spectra of 
both compounds. Solvents were avoided and KBr discs of both 
compounds wore made, i malar anhydrous IvBr crystals were 
powdered and sieved finely to mesh 200. One rngm of the 
compound was dissolved in methanol and then added to 200 rngm 
of the powdered KBr gently. The mixture was dried in an oven 
at 130°C for two days. Then a disc of thickness 3unri and 
diameter of almost 1.5cm. was made in a disc maker under 
10-12 atmospheres pressure. A second KBr disc of the refer­
ence hydrazone was also made. The two discs were reasonably 
transparent to ordinary light. The I.R. Spectra obtained 
were totally identical in each single peak, which proves 
that the compound is furfuraldehyde. A shallow broad peak 
at 3450 wave numbers appeared 011 both spectra indicating
125o
that some molecular water remained in the KBr crystals. 
Furfural is well known to result from dehydration of pentose 
(oat hulls etc. ) hut dehydration of hoxosos normally yields 
5-hurdoxymcthy1 furfural. The above experiments reflect the 
necessity of proving conclusively that the less expected 
product was tho one which actually occurred.
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Glucose and 3. alanine.
Reaction between glucose and P- alanine was carried out 
at 12ft°Co The reaction curves are shown in figure 3 6 . The 
reaction started immediately with no noticeable induction 
period. A sample of the gaseous product was submitted to 
G0L0C. using a D.N.P. column. Four peaks in the ratio 3*5: 
0.6 :0,2 :0 .2 appeared at different retention times close to 
one another, Mass-spcctromctric analysis showed a large 
amount of C0o produced. A set of gaseous products were 
liquefied and collected and again submitted to mass-spectro- 
metric analysis. The spectrum obtained showed peaks at mass 
numbers 1 8 , 15, 28, 29? U3? ft5? 55? 60, 72,117 and 119» An 
attempt was ma.de to obtain an I,R. spectrum of the condensed 
products but they seemed to bo insoluble in GO 1^ auid when 
dissolved in DgO the only recognizable peaks were those duet­
to 0=0 and C-H stretching.
The I'T.MoR. spectrum obtained from the products extracted 
in CDC1~, showed a. few sharp peaks which were not identified 
but the significant point was that no pattern due to an 
aldehyde group was obsei’ved. A possible conclusion from the 
above information was the presence of a ketone possibly of 
mass 72. This might be methyl ethyl ketone which would also 
give a fragment peak at I4.3 ‘with no significant peaks at 39 
and ft1, The evidence however is not conclusive.
128#
Glucose and_jpheny1,_J3 jalanine
The reaction between glucose and phenylpalanine was
carried out to see the effect of an aromatic ring on the
reaction# This reaction was carried out at 1 24°C and the
gaseous products were collected in a sample bottle#
The mass spectrum of the products did not show a
conspicuous peak at m/e =120 which would correspond to
phenyl acetaldehyde, possibly because of its low volatility
On tho other hand, when some of the mixture was placed on the
direct insertion probe inside the ion source, a large peak
at m/e = 120 was obtained# This could have been a fragment ion 
+CgHp.pCHg.NHg , from phenylalanine but other ions of this 
molecule were of low abundance and it seems likely that the 
observed peak was indeed due to phenylacetaldehyde#
Peaks observed in the mass spectrum of the condensed 
gaseous products included 281, 207, 96, 95? 58, 45? 44? 45?
41? 39? 38, 29? 28„ When another sample was submitted to the 
mass-spectromotor, an almost identical spectrum was obtained 
lacking 281 and 207# The mass-spectrum obtained for the 
gaseous products showed the peak at 44 as the most abundant 
and this was assumed to bo C0g„ Peaks at 96 and 95 were of 
almost equal abundance, and further presence of 38 and 39 
corresponded to the spectrum of a standard sample of furfural# 
The peak at 58 had a relatively high abundance and possibly 
could be due to acetone as was suggested by evidence obtained 
by N.M.R and I#R#
The condensed products were extracted in CDCl^? "to he 
analysed by I.R. and N.M.R. techniques. The N.M.R. spectrum 
showed a triplet at chemical shift 8 = 9.8 characteristic 
of the aldehyde group, a broad peak at 6 = 7 .3 0 identified 
as the phenyl group and a doublet at 8 = 3.75 due to the 
methylene group. Peaks were also observed at 6= 1.18 and 
1.89 which were not identified. Another sample prepared showed 
an extra peak at 8= 2.22, this was suspected to be due to 
acetone, normally appearing as a singlet ion in this 
position.
The infra-red spectrum of the product in CDCl^ obtained 
using a liquid cell showed peaks at wav© numbers 1710 and 
2950, due to carbonyl group absorbtion and C-H stretching.
V) Mass Spectrometrlc Investigations•  t e n re a tr  .'»•"■ ^ r 4 r. ^ -j = -a . rjCT^-c r =tf.3ATafcri-f;.-a '-r fc r—ac=ta»
Intooduct ion
Previous work on the degradation of sugars, and on 
the glucose/amino acid reaction had all been carried out 
either in solution or at relatively high temperature.
The possibility arise that the reaction might appear much 
simpler if carried out with very slow heating, and with a 
very sensitive method available for detecting products.
The acquisition by the University of Surrev Chemical 
department of a mass spectrometer with a direct insertion 
probe, made it possible to carry out the reaction within 
the ion source of the machine. The interpretation of the 
results of such experiments required a knowledge of the 
mass spectra of the reactants. The mass spectra of amino 
acids are fairly well known but there appears to be little 
information on sugar.
Mass spectra of Monosaccharides,
The moss spectra of pure carbohydrates have not been 
unduly investigated because of the difficulty of obtaining 
and interpretating fragmentation pattern, Mono,oligo and 
polysaccharides are thermally unstable and practically in- 
volatile.
Mass spectral studies therefore have been x^ Ffo^nied 
on their more volatile derivatives, such as methyl ethers 
acetates, and alkalidene derivatives. The characteri°tic 
feature of almost all mass spectra of carbohydrate 
derivatives is the absence of a peak due to the molecular 
ion.
The cyclic pyranoid and furanoid forms have been the 
most extensively studied among the derivatives of mono 
saccharides. The mass spectra of these compounds have 
been interpreted on the basis of numerous analyses using 
labelled analogues. The compounds investigated in the
71-1—6greatest detail are probably the methyl ethers ~ and the 
77acetates , but the most recent work done on mono methylated 
glucose has been done by Ileyns 7^9 b We shall only 
consider the monomethylated compound here as its fragmen­
tation pattern is likely to be closer to that of glucose,
the compound in which we are primarily interested.
78Heyns obtained the mass spectrum of methyl D-gluco 
pyranoside and interpreted 'it. as .follows,# Tho. parent ion 
breaks down immediately Eliminating the -CHgOH or -OGH^ 
fragments- as shown in Figure. 37 (la).
The most abundant peak obtained was at m/e = 60 
(taken as 100) and the next with an abundance of 50 was at 
m/e = 73* There were also significant peaks at masses 57 
and 43* Further fragmentation for m/e = 60 is suggested in 
Figure 3.7-(lb) and m/e = 73 is interpreted as shown in 
Figure 37--(1 d). Here the-mass number 73- ia-.assumed to-arise 
from carbons 2, 3? and 4# Henris also obtained the mass- 
spectrum of ribose as shown in Figure 38 , but this was not 
interpreted. Ramnus and Samuelson obtained the mass 
spectrum of 6~0~(2 hydroxyl ethyl) D-glucose. The prominent 
peaks observed were m/e = 204 (base peak) and 73* A peak 
at m/e = 1 0 3  was observed, as is frequently the case with
132,
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Fig. 38. D-Ribose
other sugar derivatives, hut there was no peak at m/e = 60, 
This could he taken to show that the carbon was 
responsible for the ion at mass 60.
Virtually no work appears to have been done on the 
mass spectra of pure mono saccharides, Chizov claimed it 
was generally not possible because the materials were too 
involatile, but Henys et al have published the electron 
impact mass spectrum of D~Ribose (reproduced in Figure 38) 
almost without comment. The spectrum usin^ a field emissio 
ion source is also shown and leads to a parent peak at 
m/e =150 plus a large M+1 peak due to a protonated parent 
peak.
EKPERlMrNTAL
The work was carried out on an AEI MS 12 single 
focussing mass spectrometer with a 12u radus tube. A 
direct insertion probe was available with a guartz tip of 
2 mms with a hole 2 mms in the end in which the sample was 
inserted as a fine powder.
When inserted into the source through a vacuum lock, 
the sample was heated by conduction down the guartz tip 
and by radiation from the source block. Tbs thermal 
conductivity of guartz is fairly low so heating is mainly 
by radiation and the sample warms up very slowly. The 
mass spectrum could be scanned up to six times per second, 
though this was much faster than was normally required.
It could also be observed on a. cathode ro.y tube, so that 
only worthwhile spectra need be recorded on photographic 
paper. The temperatures of the source block, which rose 
steadily during each run because it was heated by the 
filamant wh.i ch gave rise to the electron beam, was noted 
though it was only a very crude guide to the temperature 
of the probe.
Mass spectra of pure substances 'was obtained in the 
c onvent i onal manner„
Mass spectra were obtained, for glucose, 2-deoxyglucose, 
mannose, rhamnose, galactose, fructose, sorbose, arabinose, 
lyxose, ribose, and some disaccharides such as lactose and 
sucrose. The mass spectra obtained are shown in Figures 3 9- 
50 .
The problem of involatility mentioned by Chizov, did 
not appear to be a serious one. Mass spectra were obtained 
without the source being anywhere near the temperature, at 
which for example, glucose degrades. Parent peaks were 
not obtained, except for lyxose where very small peaks at 
151 (PM+1) were observed# This was followed by another 
peak at (PM-1 ) at 149 mass numbers. This was also the 
case with ribose repeated again, a very small peak at 
PM-1 149 was observed, which was not reported by Heyns,
The absence of parent peaks was not surprising, and there 
is 110 reason to support that mass spectra obtained are not 
genuine fragmentation pattern.
The abundance of the fragment ion peaks fluctuated 
from run to run. The glucose spectrum shown in Figure 39 
was the average of six runs but the spectra of the other 
sugars are the results of single runs. Though the masses 
of fragment ions were reproducible, too much significance 
should not be attached to their abundances. The mass 
spectra obtained will be discussed later.
The reaction between dried glucose and valine was 
carried out, on the insertion probe of the mass spectrometer.
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The materials were placed on the probe and spectra were 
obtained at increasing temperatures of almost 10°G 
intervals between 112°C - 207°G, These temperatures were 
recorded on a thermocouple.attached to the ion source 
block. The source itself is believed to be about 27°C 
hotter than this, but on the other hand, the sample is 
being warmed only by radiation and only by conduction 
along the ceramic tip, so its temperature will lag behind 
that of the source.
Some ion peaks were observed which corresponded in 
mass numbers to the identified products obtained on the 
gas line. One of the spectra carried out at t=130°C is 
shown in Figure (51 ). The significant peaks observed.were 
at mass numbers 2 5 6, 1 7 2 , 144? 98? 91? 8 4? 74? 73? 72?
60, 58, 57? 46, 44? 43? 41? 39 and 29? (the numbers below 
40 aro not represented). As shown mass 72 was the most 
abundant peak indicative of isobutyraldehyde, this was 
followed by the other abundant peaks characteristic of 
iso-butyraldehyde fragmentation at 37? 55? 28, 43* The
HIsecond abundant peak was l/e = 74? which was reported in 
the sublimed products. The peak at mass 44 was rela.tively 
abundant and could be assumed to be 00^.
The other familiar peaks observed were at masses 
144 and 84# The spectrum of mass 144 has been represented 
independently earlier, and mass 84 was the carbonyl compound 
separated as a 2:4D*N«P»H. adduct. The above-mentioned 
molecular ion peaks did not vary significantly with the
temperature increase. The only important ion peak which 
varied significantly was of mass 60* This compound was 
identified in earlier work as acetic acid. The variation 
in abundance of the peak was plotted against the varying 
temperature, and is shown in Figure 5 2 , The abundance of 
the peak rise steadily to a 25$ height at 1 62°0 and falls 
sharply as the temperature is further increased. It could 
be inferred that temperature has a great affect on the 
degradation of glucose leading to the production of acetic 
acid.
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( I )  K in e t ic s  o f  S o l id - S o l id  R ea c tio n .
( I I )  The P rodu cts and Mechanism o f  th e  G lu c o se /  
Am inoacid R ea c tio n .
( I l l )  A n a ly s is  o f  Sugar S p ectra .
( I ) K i n e t i c s  o f  S o l i d - S o l i d  R e a c t i o n
S e v e r a l methods o f  a n a ly s is  were a p p lie d  to  th e  d a ta
o b ta in ed
(1) The r a t e  fo r  each  m ixture v er su s  th e  mole r a t io  fo r
each m ixture was p lo t t e d  and th e se  were shown in  f ig u r e s  1 9  and
20, Chapter 4 , Two s t r a ig h t  l i n e s  o f  equal and p o s i t iv e  slo ioes
were o b ta in ed  fo r  each  s e t  o f  m ix tu r es . As th e  mole r a t io
in c r e a s e s  from e i t h e r  d ir e c t io n ,  th e  r a te  in c r e a s e s .  The 
r e a c t io n  r a te  r ea ch es  a maximum a t equim olar p r o p o r t io n s ,
(2 ) In  a m ixtu re o f  s o l id s  i t  i s  p o s s ib le  th a t  th e  
r e a c t io n  r a te  i s  proxoortional to  th e  area  o f  c o n ta c t  betw een  
p a r t ic l e s  o f  g lu c o se  and v a l in e .  To a n a ly se  t h i s  th e  fo llo w in g  
trea tm en t was c a r r ie d  o u t .
In  a m ixtu re c o n ta in in g  eq u al volum es o f  g lu c o se  and 
v a l in e ,  o f  eq u al p a r t i c l e  s i z e  assum ing th e  m ixing i s  good, each  
p a r t ic le  o f  g lu c o se  w i l l  be in  c o n ta c t  w ith  an eq u al number o f  
X oarticles o f  g lu c o se  and v a l in e .  S im ila r ly  i n  a 2 :1  v a l in e -  
g lu c o se  m ixtu re by volume each g lu c o se  p a r t i c l e  w i l l  be in  
c o n ta c t  w ith  tw ice  as many p a r t ic l e s  o f  v a l in e  as o f  g lu c o se  
and so  on.
Suppose we have a m ixture o f  x m oles o f  v a l in e  and y  
m oles o f  g lu c o s e , th en  th e  w e ig h ts  o f  r e a c ta n ts  in  a 0 ,3  gm. 
p e l l e t  w i l l  be
i l 7 x + l8 0 y  x  ^ gm° v a l ln e
and 'i i 7 x 8'+y i&Oy x  3 sm° ®lu c o s e
117x x  0„3  ^j
l l l '7x" +" "l '8'Oy')i'. '3 1 'fe cc v a l ln e
and ■a -1y-+ A i -g o y ) 1 . cc  S lu c o se
A g iv e n  p a r t ic l e  o f  g lu c o se  w i l l  thus be in  c o n ta c t  
w ith  o th e r  p a r t i c l e s  o f  v a l in e  and g lu c o se  in  th e  r a t io
a n d  t h e  v o lu m e s  o c c u p i e d  b y  t h e s e  a m o u n ts  w i l l  b e :
l l / x  x  0 Q 3 
(lX 7x + x 8 0 y ) lo 3 X6
= i M f  " H i t ! 1 -  ° ° 7 7 x /y  : 1
e , g 0 in  an equim olar m ixtu re any g iv e n  p a r t ic le  o f  g lu c o se  w i l l  
be in  c o n ta c t  w ith  0 , 7 7  p a r t i c l e s  o f  v a l in e  fo r  ev ery  i j a r t ic le  
o f  g lu c o s e , (T h is i s  a ls o  th e  r a t io  o f  th e  number o f  p a r t ic l e s  
o f  v a l in e  to  th o se  o f  g lu c o s e )
The r a te  o f  r e a c t io n  o f  th e  g iv e n  p a r t i c l e  m ight be 
ex p ected  to  be proportional! to  th e  amount o f  v a lin e  c o n ta c t  w ith
3, t  ,  X o © o
0 . 7 7 x /y
1 + 0 .7 7 ^ /y
This i s  a ls o  eq u al to  th e  r a t io  o f  th e  volume o f  v a l in e  to  th e  
t o t a l  volum es o f  g lu c o se  and v a l in e .  But th e  number o f  
p a r t ic le s  o f  g lu c o se  a v a i la b le  to  r e a c t  in  t h i s  way i s  p r o p o r tio n a l  
to  th e  volume o f  g lu c o s e ,  i „ e ,
l8 0 y  x  0 .3  
T l i 7 x ir+ I8 0 y )i7 5 ()2 ‘
The o v e r a l l  r a te  o f  r e a c t io n  sh ou ld  be p r o p o r t io n a l to  th e  product 
o f  th e s e ,  i . e .
The r e s u l t s  o b ta in ed  fo r  th e  g lu c o se  and v a l in e  r e a c t io n  w ith  
d i f f e r e n t  co m p o sitio n s  were a n a ly sed , by th e  above method.
The d ata  o b ta in ed  are r e p r e se n te d  in  T ables I  and II# The d ata  
o b ta in ed  fo r  each m ixtu re in  term s o f  x /y  or y /x  a r e , o f  
c o u r se  id e n t ic a l#  The above e q u a tio n  cou ld  be fu r th e r  s im p l i f ie d  
in  a more g e n e r a lis e d  v e r s io n ,  i#e#
where a i s  th e  r a t io  o f  volum es o f  v a l in e  to  g lu c o se  and 
Z = x /y  or th e  w eig h t r a t i o ,  and V i s  the volume o f  g lu c o se
a t d i f f e r e n t  com p osition s#  Tne r e s u l t s  p lo t t e d  fo r  g lu c o se  in  
e x c e s s  and v a l in e  in  e x c e s s  a g a in s t  r e l a t i v e  r a t e s  are shown in  
f ig u r e  X# I t  showee a r i s in g  curve fo r  g lu c o se  in  e x c e s s ,
e x p o n e n t ia l, we can a ttem p t to  f i t  th e  d ata  to  cu rves o i th e  
type
Rate OC
The volume r a t io  o f  v a l in e  to  g lu c o se  cou ld  be equal
r a th e r  than  a s t r a ig h t  l in e #  I f  we assume i t  to  be ap p rox im atel3r
Rate = -yr- = Cexp aZ V1 + aZ
A s t r a ig h t  l i n e  was o b ta in e d , when l o g ( r e l a t i v e  r a t e s )  were 
p lo t t e d  a g a in s t  th e  d a ta  o b ta in ed  as shown in  f ig u r e  2 #
N#B# The eq u a tio n  fo r  th e  g lu c o se  to  (g lu c o s e  and v a l in e )  r a t io
1 5 7 .
1 5 8 .
T a b l e  i .
. Jx :y aZ = i aZ y i x a 1Z1 = a 1 Z 1
1 i 
|R e la t iv e  i
0 .7 7 x /y  | 1 + aZ l* 3 y /x 1 + S'Z* j r a te s
i !
V.G. 1! G„V. |i
j 3 :1 2 .3 1 0 .6 9 9 0 .3 3 4 :1 4# 34 0 . 3 0 3 1 11t
2 :1 1 .5 4  j 0 . 6 0 6 0 .5 :1 0 .6 5 0 . 3 9 4 i 12I
1 :1 0 .7 7 0 .4 3 5 1 :1 1 .3 0 . 5 6 5 1 15
0 .7 5 :1 0 .5775  ! 0 . 3 6 6 1*33:1 I* 73 0 . 6 3 4 ! 1 3 . 5
j 0 .5 :1 o . 38 5  ! 0 # 2 7 8 2 :1 2 .6 0 . 7 2 0 i 12
i 0 .3 3 4 :1
j
0 .2 5 7  i
j
0 o205 3:1■ 3 .9!
0 . 7 9 6 | 11
!i
p ro p o r tio n  o f  v a l in e  by volume# 
p r o p o r tio n  o f  g lu c o se  by volume#
1 + aZ
a 1 Z ’ _
1 + aZ
T able IT,,
i Mole r a tio !  V? lvm e °fr . g lu cose= V
l i t r e )
aZ•Hiniw H ■MJi1+aZ
aZ | Volume o f| v a l in e  s-Vy
1 ( V litre" ,
1
a ’Z*
* 1
1 a 1Z 1 •-i W . XT * Dnl r, 7- -l+aZ° g l+a»Z» j 1 +a 1Z 10 'V
1 j R ates !
1
V.G.
i
i■1
i
|
i*! 1 !
j 3 :1 6 5 . 1 0 . 6 9 0  j1 44 . 9 1 5 0 .7 0 . 3 1 0
; j
4 5 .6  | 1 1
| 2 :1 1 8 3 . 5 o# 6 0 6 1 5 0 . 6 1 2 8 .9 o. 394 5 0 . 7 8  j 1 2
1 :1 ! 1 1 6 .1  i 0 . 4 3 5  j 5 0 .5 89*8 0 .565 5 0 .7 3  i 15
j 3=4 i 1 2 9 .1  I 0 . 3 6 6  j 4 7 .2 5 7 4 .7 0 .6 3 4 47o 36  ! 1 3 . 5
1 1 :2 1 4 4 .9  !! j 0 . 2 7 8  j 4 0 .2 8 55*9 0 .7 2 4 0 .2 4  J 1 2
! 1 : 3i 1 5 7 .9  j 0 .2 0 4  j 3 2 . 2 1 4 0 .6 0 .7 9 6 3 2 .2 1  1 1 1; 5 \
1 5 9 .
cou ld  be r e p r e se n te d  by an eq u a tio n  an alogous to  th e  above w hich  
proceed ed  a t  th e  c o n ta c t  p o in t s .  The number o f  c o n ta c t  pointfi’i s  
in tro d u ced
dP _ a * Z ’ „
d t " CexP i + a 1Z 1  ^ v  
M p
where Z * ~ y  and a * = s-®’ x  TT~ and \ T i s  th e  volume o f  v a l in e  
X v
a t d i f f e r e n t  co m p o sit io n s ,
( 3 ) A graph was p lo t t e d  o f  th e  r e l a t i v e  r a t e s  v e r su s  th e  
product o f  th e  number o f  m oles o f  v a l in e  and g lu c o s e ,  but th e  
r e s u l t s  ( f ig u r e  3 ) showed l i t t l e  r e g u la r i t y .
M an ip u lation  o f  th e  d ata  showed th a t a graph o f  r e l a t i v e
2 j
r a te s  a g a in s t  [volum e o f  v a l in e ]  3 x  voxume 0f  g lu co se  g iv e s  a 
smooth cu rve , but th e r e  i s  no o b v io u s e x p la n a tio n  why t h i s  shou ld  
be so . The graph i s  shown in  f ig u r e  4 .
(4 ) K o m a t s u , c a r r i e d  ou t exp erim en ts cm in o r g a n ic
s o l id s  such as CaCO -  MoQ and BaCO -  SiO . He tr e a te d  th e
j  5 j  &
data  in  a d i f f e r e n t  manner, and assumed th a t  in  a m ixture o f  
f in e  powders, th e  number o f  c o n ta c t  p o in ts  betw een  two components 
had an im p ortan t e f f e c t  on th e  r a te  o f  r e a c t io n ,  w hich proceeded
Tfte humber of contact Pobt£a t  th e c o n ta c t  p o in is ^ is  in tro d u ced  in to  th e  r a te  o f  r e a c t io n  
as a fu n c t io n  o f  th e  r a t io  o f  th e  components by w e ig h t, Z, r a t io  
o f  (r a d iu s  x d e n s ity )  o f  th e  two com ponents, a , and a param eter m, 
which d e s c r ib e s  th e  pack ing s t a t e  o f  f in e  pow ders.
The eq u a tio n  th u s o b ta in ed  p r e d ic t s  th a t  th e  r a te  c o n sta n t  
and th e  a c t iv a t io n  en ergy  o b ta in ed  d i r e c t l y  from th e  exp erim en ta l 
r e s u l t s  shou ld  be a fu n c t io n  o f  T, a, and Z.
_ /  A _ „ aZ Rfl
s^/p B ( l  + aZ

cl Z
—   ,------   f--------------f----- -v— •—,----- .------- ,----- ------- r~—  ------ f
0 .2  0 .3  0 .4  0 .5  0 .6  0 .7
r a ' z ’F ig . 6 . -------
Where n ( A/B ) i s  th e  number o f  c o n ta c t  p o in ts  and i s  
th e  t o t a l  number o f  th e  p a r t ic le s  o f  A and B surrounding th e
c e n tr a l  one. Assuming a co n sta n t number o f  c o n ta c t  p o in ts ,
Komatsu reduced  th e  above eq u a tio n  to  th e  Jander eq u a tio n  and 
th e  X a t te r 's  r a te  c o n sta n t k was g iv e n  as a prod u ct o f  th e  
fu n c t io n  a and Z and th e  fu n c t io n  o f  th e  tem perature k °(T ) v i s .
<7 m
k (T ,a ,Z )  = k ° (T )
where k °(T ) = 2k* n ^ /r 2
The d a ta  h ere was tr e a te d  a lm ost in  th e same manner, and the
Sl 3corresp on d in g  r e s u l t s  were o b ta in ed  in  form — as shown in
Table X. A graph can be p lo t t e d  o f  r e l a t i v e  r a t e s  v ersu s  th e  
aZv a lu e s  fo r  "j-— f or  each  m ix tu re . The graphs in  f ig u r e s  5
and 6 show two s t r a ig h t  l i n e s  o f  o p p o s ite  s lo p e s  fo r  m ix tu res o f
— 77 and K om atsu's r e s u l t s  a ls o  showed two s t r a ig h t1 + a L  1 + et/i1
l i n e s  but o f  o p p o s ite  s lo p e s ,  i . e .  th e  o v e r a l l  graph was V shaped
ra th e r  than  A shaped.
The v a lu e  o f  m was n o t e s t im a te d . Komatsu s t a t e s  i t  was 
determ ined e x p e r im e n ta lly  in  h i s  work and i s  tem perature dependan  
H is method o f  d e te r m in a tio n  i s  n o t c le a r  from th e p u b lish ed  work 
and answ ers to  q u e s t io n s  a t  sym posia were o f  l i t t l e  h e l p . (62)
The method seemed to  be r e la t e d  to  th e  v a r ia t io n  o f  a c t iv a t io n  
energy w ith  p a r t ic l e  s i z e ,  which he ob serv ed . As t h i s  e f f e c t  
was a b sen t from our work we were u n ab le  even to  a ttem pt to  
deduce m.
(4 ) Order o f  R ea c tio n
The r e s u l t s  in  th e  p rev io u s  exp erim en ts o n ly  gave
a v ery  rough id e a  o f  th e  order o f  r e a c t io n  w ith  r e s p e c t  to  th e  
two r e a c ta n ts .  I t  sh ou ld  be s t r e s s e d  a t  t h i s  s ta g e  th a t  th e  
term "order o f  r e a c t io n "  does n o t have th e  same s ig n i f ic a n c e  
in  s o l i d / s o l i d  r e a c t io n s  as in  homogeneous gas or l iq u id  
phase r e a c t io n s  and we u se  i t  s im p ly  as a co n v en ien t way o f  
e x p r e ss in g  th e  v a r ia t io n  o f  r a te  w ith  c o n c e n tr a tio n .
An attem pt was made to  f in d  th e  order o f  r e a c t io n  w ith  
r e s p e c t  to  th e  in d iv id u a l  r e a c ta n ts  u s in g  th e " i s o la t io n  method". 
Samples o f  m ix tu res were made, k eep in g  th e  q u a n tity  o f  one o f  
th e  r e a c ta n ts  co n sta n t a t  one gram, and v a ry in g  th e  o th e r .
Sm all q u a n t i t ie s ,  o f  th e  ord er o f  te n s  o f  m illig ra m s o f  th e  
second  component were u se d . Samples were prepared  but w ith  
e x c e s s  g lu c o se  and e x c e s s  v a l in e ,  and th e  r e a c t io n  was c a r r ie d  
out u s in g  a p p rox im ate ly  8 5 0  mgm sam ples o f  th e  m ix tu res .
Sm all q u a n t i t ie s  o f  th e  second  r e a c ta n t  were ta k en , so  th a t  th e  
t o t a l  volume o f  m ixtu re would n ot vary  g r e a t ly .  F ig u res  7? 8,
9, and 10 , show graphs o f  p re ssu r e  change fo r  10 , 20, 3^ and 
40 mgms o f  g lu c o se  m ixed w ith  one gram o f  v a l in e  and f ig u r e s  
11 , 12 and 1 3  show graphs o f  r a t e s  fo r  th e  same v a r ia b le  
q u a n t i t ie s  o f  v a l in e  mixed w ith  one gram o f  g lu c o s e .
L o g (r e la t iv e  s lo p e s )  o f  th e  s t r a ig h t  p a rt o f  th e  r e a c t io n  curve  
fo r  each s e t  was p lo t t e d  a g a in s t  lo g (v a r ie d  w e ig h t)  in  mgms, and 
a s t r a ig h t  l i n e  was o b ta in ed  fo r  each s e t  o f  d a ta , as shown in  
f ig u r e s  14 and 15* The ord er w ith  r e s p e c t  to  each  r e a c ta n t  
was worked out from th e  p o s i t i v e  s lo p e s .  I t  was n -  0 . 9 6  
w ith  r e s p e c t  to  g lu c o se  and n = 0 .5  fo r  v a l in e .  The d ata  
are shown in  T ab les 3 and 4 .
1000 mgtns o f  v a l i n e  w m i  v a r y i n g  g l u c o s e
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Rate d a ta  fo r  r e a c t io n  betw een 1000 mgm. o f  v a l in e  vs  
v a ry in g  sm a ll q u a n t i t ie s  o f  g lu c o s e .
T a b l e  I I I .
Varying g lu c o se  
w eigh t in  mgm, .
lo g  w eig h t  
g lu c o se
P ressu re  in  
mmHg
Time in  
seconds
S lop e  ^
mmHg s e c ”
2 + lo g  QP/^ t
40 1 . 6 0 2 1 2 0 960 0 . 1 2 5 I .O 969
3 0 1 .4 7 7 84 960 0 .0 8 7 5 0 .9 4 2
2 0 1 , 3 0 1 74 960 0 .0 7 7 0 8 0 .8 8 6 5
10 1 ,0 40 1200 0 .0 3 3 3 0 .5 2 4 4
T able IV
R ate d a ta  fo r  r e a c t io n  betw een 1000 mgm. o f  g lu c o se  vs  
v a ry in g  sm a ll q u a n t i t ie s  o f  v a l in e .
|  i » i * ^
V arying v a l in e  'lo g  w eig h t j P ressu re  in! Time in j S lop e /  2+ lo g  
w eig h t in  mgm- . \ v a l in e  \ mmHg j seconds I mmlig s e c ” j
30 | 1 ,4 7 7 100 1020 0 . 0 9 8 0 . 9 9 1 2
20 j 1 .3 0 1 _ _75 900 0 . 0 8 3 3  j 0 . 9 2 0 7
10 1 1 .0 53 960 0 . 0 5 5 a j 0 .7 4 2 ?
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Not o n ly  i s  th e  order w ith  r e s p e c t  to  g lu c o se  h ig h er  
than th a t  w ith  r e s p e c t  to  v a l in e ,  hut more gas i s  produced in  
th e  r e a c t io n ,  so th a t  th e  r e a c t io n  i s  p ro lo n g ed . I t  i s  p o s s ib le  
th a t  th e  apparent low  ord er w ith  r e s p e c t  to  v a l in e  i s  due to  th e  
c a t a l y t i c  d eco m p o sitio n  o f  g lu c o se  which may be p roceed in g  
s im u lta n e o u s ly . T his a sp e c t  o f  th e  r e a c t io n  in  th e  p resen ce  o f  
e x c e s s  g lu c o se  a ls o  cou ld  be ob served  in  r e a c t io n  curves 16 and 17, 
Chapter 4 .
The o v e r a l l  ord er o f  r e a c t io n  can be c a lc u la te d  from th e  
e a r l i e r  r e s u l t s  by th e  Van't H off d i f f e r e n t i a l  m ethod. This  
i s  done by p lo t t in g  lo g  a g a in s t  lo g (X -x )  fo r  r e a c t io n
curves o b ta in ed  fo r  3 0 0  mgms o f  1 :1  m ixture on th e  gas l i n e  as 
w e ll  as th e  ones o b ta in ed  by T.G .B. fo r  150 mgms o f  m ix tu re .
[ex] i s  th e  f r a c t io n  o f  w eig h t l o s s  to  th e  t o t a l  w eig h t l o s s  a t  
d i f f e r e n t  tim es (m entioned in  d e t a i l  in  fu r th e r  p a g e s ) .  F ig u res  16 
and 17 show th e  k ind  o f  graphs o b ta in e d . Both graphs are  
l in e a r  over a w ide ra n g e , th e  o n ly  d e v ia t io n  b e in g  a t  th e  v ery  
b eg in n in g  and th e end o f  th e  r e a c t io n .  S im ila r  k in d s o f  graphs
were o b ta in ed  by Hupbert and K X aw itter fo r  th e  iso th er m a l
r e a c t io n  betw een BaCO and ZnO c o n ta in in g  0 .1 7 1  m ole % CrQ0 .
J  & j
The o v e r a l l  o rd ers  o b ta in ed  from th e  gas l i n e  and 
T.G.B. r e s u l t s  were r e s p e c t iv e ly  1 .4 3  and 1 .3 ,  These are m  
good agreem ent w ith  th e  in d iv id u a l  ord ers o f  0 .9 6  and 0 .5  fo r  
g lu c o se  and v a l in e  r e s p e c t iv e ly .
Prout and Tompkin E quation  and Maniple Law ~ Avramie and E rofeyev  
E quation
F urther trea tm en t o f  d a ta  u s in g  su g g e ste d  eq u a tio n s  by
50p rev io u s  workers such as Jander, and m o d if ic a t io n s  o f  them 
was a ttem p ted . These eq u a tio n s  were m o stly  a p p lic a b le  to  
p a r a b o lic  r e a c t io n  cu rves and none o f  them gave s a t i s f a c t o r y  
r e s u l t s  fo r  our sigm oid  cu r v es . Two eq u a tio n s  were thought to  
be p o s s ib ly  a p p lic a b le  in  t h i s  s i t u a t io n :
(a ) Prout and Tompkin’s eq u a tio n  and Mample law .
(b) Avramie and E rofeyev  eq u a tio n .
In  order to  o b ta in  s u i t a b le  curves to  be aTjplied
c o n v e n ie n tly  by th e  above m entioned eq u a tio n s , th e  sym m etrical
p a r ts  o f  th e  cu rves b e lo n g in g  to  k in e t i c  runs on th e  gas l i n e
and T.G .B. were ta k en . Then by assum ing th e  p re ssu r e  a t  the
end o f  sym m etrical p a r t  as th e  f i n a l  p re ssu r e  (P*>), th e  d egree
P.
o f  p r o g re ss  o f  r e a c t io n  og = was worked ou t fo r  P. a t  d i f f e r e n t
f  OG. x
t im e s . S im ila r ly  t h i s  was done fo r  OG = fo r  k i n e t i c  runs on
Ca*
i
T.G .B. F ig u res  18 and 19 show p lo t  o f  OG v e r su s  tim e o b ta in ed  
fo r  b oth  sy stem s. The n e g le c t  o f  the f i n a l  s e c t io n s  o f  th e  
r e a c t io n  cu rves was j u s t i f i e d  by the doubts about p o s s ib le  
co n d en sa tio n  o f  gaseou s p ro d u cts  a t h ig h  p r e ssu r e s  and th e  
ev id en ce  th a t th e  main product towards th e  end o f  th e  r e a c t io n  
i s  w ater from th e c a t a l y t i c  d eco m p o sitio n  o f  g lu c o s e .
(a  ) The d ata  o b ta in ed  from th e  sym m etrica l s e c t io n s  o f  
th e  r e a c t io n  cu rves on th e  gas l i n e  were t r e a te d  by Prout and
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S e t t in g  o&_^ = th e  fo llo w in g  form was o b ta in e d :
l i n  i ’ a  = k3t
OGl i n  -——7“ was worked ou t fo r  th e  k in e t i c  cu rves o b ta in ed  on th e  -L “
gas l i n e  a t th e  ex p er im en ta l tem p eratu res 1 1 9 , 124, 1 2 9 , 134°C  
and was p lo t t e d  a g a in s t  t im e . The graphs o b ta in ed  are shown 
in  f ig u r e  20 . S tr a ig h t  l i n e s  were o b ta in ed  a t  a n g le s  to  one 
a n o th er . Vaughan and P h i l l i p s  ’ a ls o  o b ta in ed  two s t r a ig h t  
l i n e s  a t  an a n g le  fo r  th e  d eco m p o sitio n  o f  a s in g le  o rg a n ic  
compound.
N o n e th e le ss , th e  segm ented s t r a ig h t  l i n e s  showed no ob viou  
tren d  and i t  was f e l t  th a t  few  u s e f u l  c o n c lu s io n s  cou ld  be 
drawn from th e se  r e s u l t s ,  and th a t  th e s im p le  Prout and Tompkin's 
r e la t io n s h ip  was n o t obeyed .
Maniple*s law  as m entioned in  Chapter 2 has a g e n e r a l form
R /T 't
T his eq u a tio n  i s  i d e n t i c a l  w ith  E r o fe y e v 's  second  eq u a tio n  which  
was d er iv ed  on d i f f e r e n t  assum ption  fo r  th e  d eco m p o sitio n  o f  
a s in g le  compound. T h is w i l l  be d e a lt  w ith  in  S e c t io n  b .
(b) The Avrami and E ro fey ev  eq u a tio n  was su g g e sted  to  
e x p la in  th e  d eco m p o sit io n  o f  b oth  s in g le  compounds and p a ir s  
o f  r e a c ta n ts .  The mechanism w hich le a d s  to  a phase boundary
T o m p k in 's  e q u a t i o n  a s  i t  w as  r e p r e s e n t e d  i n  C h a p t e r  2 ( p .  28 ) 0
in  m inutes
c o n tr o lle d  r e a c t io n  assum es th a t  th e  n u c le a t io n  s te p  occu rs  
v i r t u a l l y  in s ta n ta n e o u s ly ,  so th a t  th e  su r fa c e  o f  each p a r t ic le  
i s  covered  w ith  a la y e r  o f  p ro d u ct. N u c le a t io n  o f  th e  r e a c ta n ts ,  
how ever, may be a random p r o c e s s ,  n ot fo llo w e d  by ra p id  su r fa c e  
grow th. As n u c le i  grow la r g e r ,  th ey  must e v e n tu a lly  im pinge on 
one a n o th er , so  th a t  growth c e a se s  where th e y  to u ch . T h is procec: 
has been co n sid ered  by Avrami and E rofeyev  who have g iv e n  th e  
fo llo w in g  g e n e r a lis e d  k i n e t i c s  eq u a tio n s  «
2 _ _ _ _ _  2  _
\ /  ~ l i n ( l “ C x )  =  " v / k t  ( l )
3   ______ _ 3 _
\ / - l i n (  1 -a )  = \ / k t  (2 )
The f i r s t  e q u a tio n  a p p lie s  to  the fo rm a tio n  o f  f l a t  
n u c le i ,  th e  second to  the form ation  o f  c y l in d r ic a l  n u c le i  where 
t h e ir  c e n tr e s  o f  fo rm a tio n  are edges or su r fa c e  c ra c k s . I t  i s  
s a id  th a t  th e se  eq u a tio n s  d e s c r ib e  th e  k in e t i c s  o f  homogeneous and 
h eterogen u ou s p r o c e s s e s ,  E ro fey ev  d iv id e s  tim e in to  n in t e r v a ls  
and c o n s id e r s  th e  p r o b a b i l i t y  th a t  the i  th  m o lecu le  r e a c t s  in  
th e  k th tim e in t e r v a l .  I f  P, i s  th e  mean p r o b a b i l i ty  th a t  an 
in d iv id u a l  m o lecu le  has r e a c te d  by tim e t ,  he shows th a t
where p, i s  th e  mean p r o b a b i l i t y  th a t  th e  i  th  m o lecu le  r e a c t s  in  
th e k th in t e r v a l .
T his i s  a g e n e r a l is e d  k in e t i c  eq u a tio n  in  w hich no 
assum ption  i s  made reg a rd in g  th e  p r o p e r t ie s  o f  th e  r e a c t in g  system
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pelt ss p ( l - a )  (5 )
For iso th e rm a l u n iia o le cu la r  p r o c e s s e s ,  as w e l l  as r a d io -a c t iv e
d is in t e g r a t io n ,  we assume in  th e  above form ula th a t  p = k = C onst, 
whence a  = e x p ( -k t )  (6 )
For iso th er m a l b im o lec u la r  r e a c t io n s  th e  i n i t i a l  
c o n c e n tr a tio n s  o f  th e  components A and B are assumed to  be eq u al 
to  a , and b, r e s p e c t iv e ly .  The p r o b a b il i ty  o f  th e  r e a c t io n  o f  an 
in d iv id u a l m o lecu le  o f  A i s
p = k/v (b -o ta ) (7 )
kHere oc i s  th e  f r a c t io n  o f  A w hich has r e a c te d , / v  i s  n ot d e f in e !  
in  th e  o r ig in a l  pap er, but i s  a p p a ren tly  th e  r a te  co n sta n t fo r  
u n it  volume o f  r e a c ta n ts .
Combining 5 and 7 we g e t
= k/v (b -o ca ) ( i - a )  (8 )
I n te g r a t io n  by th e  method o f  p a r t ia l  f r a c t io n s  g iv e s
k t 1 r ■» • b-aOh  = t;— L1 pvl ■ ■■ ■' rrj (9 /v  b -a  b -ba
w hich i s  id e n t i c a l  w ith  u su a l in te g r a te d  form o f  th e  second order  
r a te  eq u a tio n  i f  x , th e  c o n c e n tr a tio n  o f  A w hich has r e a c te d  a f t e r  
tim e t  i s  tak en  as Ota.
or, s 1 - — JLy—k——— (io )
06 -  b e x p V v (a -b ) t
D i f f e r e n t i a t i n g  t h e  a b o v e  e q u a t i o n ,  we g e t i
R e a r r a n g i n g  we g e t :
ex p ressed  more s im p ly ,
8 l
Me i t  c o n s id e r s  th e  e le c t r o n s  are r e s p o n s ib le  fo r  th e  
fo rm a tio n  o f  n u c le i  in  th e  ca se  o f  d eco m p o sitio n  o f  barium a z id e ,
and he s u g g e s ts  a th eo ry  w hich la t e r  was u sed  in  th e  Avrami
E rofeyev  eq u a tio n . He s u g g e s ts  th a t  th e  number o f  n e le c t r o n s  
per u n it  o f  volume in  th e c r y s t a l  in c r e a s e s  l i n e a r l y  w ith  the  
t im e . In  a c r y s t a l  o f  volume V and su r fa c e  S he su g g e sted  th e  
eq u a tio n
dA _ SQ
dt ~ V v '
where Q i s  a co n sta n t a t  a g iv e n  tem perature, and he supposes  
th a t  Q i s  tem perature dependent accord in g  to  th e  law .
-q/RT
Q = Qo e (2 )
where q i s  th e  work req u ired  to  remove an e le c t r o n  in to  
th e  co n d u ction  band from a su r fa c e  io n .
I n te g r a t in g  eq u a tio n  ( l )  he o b ta in ed
n -  “ t .  (3)
He c o n s id e r s  th e  fo rm a tio n  o f  a n u c leu s  i s  s tr u c tu r e  s e n s i t iv e  
(barium  a z id e )  and s u g g e s ts  th e  e x is t e n c e  o f  an e le c t r o n  trap  
on th e  su r fa c e  makes th e  fo rm a tio n  o f  a n u c le u s  p o s s ib le .
The p r o b a b i l i t y  per u n i t  tim e th a t  an e le c tr o n , i s  trapped  
a t  a g iv e n  s e n s i t i v e  p o in t  i s  p r o p o r tio n a l to  n . The p r o b a b i l i ty  
th a t  a second e le c t r o n  comes a lon g  b e fo re  th e  f i r s t  escaiDes i s  
a ls o  p r o p o r tio n a l to  n . I f  6 e le c t r o n s  are n e c e s sa r y  to  form  
a s ta b le  n u c le u s , th e  p r o b a b i l i ty  th a t  a n u c leu s  i s  formed in  a
T h i s  r e s u l t  i s  s i m i l a r  t o  t h a t  o f  E r o f e y e v ,  b u t  i s
g iv e n  tim e in t e r v a l  i s  p r o to r t io n a l  to  n . Thus i f  N i s  th e  
number o f  n u c le i  a t  tim e t
dN r S Q t f  « . / , , n—  s -) . C onst. (4 )
or on in te g r a t io n ,
CO J.8+1
N = (— y  o C onst. . (5 )
He found a t  100°C fo r  barium a z id e  th a t  N was p r o p o r tio n a l
3
to  t  and th e r e fo r e  deduced 8 = 2 .
E rofeyev  u sed  t h i s  argument in  h is  own eq u a tio n . The 
r a te  o f  form ation  o f  n u c le i  i s  as eq u a tio n  (4 )
a ( h C o n s t .
where n i s  th e  c o n c v u tr a tio n  o f  e le c t r o n s  in  th e  c o n d u c t iv ity  
band and 8 i s  th e  number o f  e le c t r o n s  n e c e s sa r y  fo r  s e t t in g  up a 
s t a b le  cen tre  o f  a r e a c t io n  n u c le u s . The dependence o f  n upon 
tim e has th e form o f  eq u a tio n  (3)*  On th e  assum ption  th a t  
c o n d u c t iv ity  e le c t r o n s  appear ( in  a number e q u iv a le n t  to  
i n t e r l a t t i c e  c a t io n s )  as a r e s u l t  o f  a su r fa c e  r e a c t io n  p roceed in g  
a t  a co n sta n t r a t e ,  th e Mott ca se  h ere corresp on d s to  a l im i t in g  
c a se :  i . e . ,  th e  r e v e r s e  p r o c e ss  o f  t r a n s i t io n  o f  c o n d u c t iv ity
e le c tr o n s  to  th e  r a d ic a ls  absorbed on th e  c r y s t a l  su r fa c e  i s  
ig n o red .
The second l im i t in g  ca se  corresponds to  s te a d y  s t a t e ,  i . e .  
when as a r e s u l t  o f  th e  e s ta b l is h e d  eq u ilib r iu m  o f  th e  su r fa c e  
r e a c t io n  o f  d i s s o c ia t io n  o f  an ion  in to  r a d ic a ls  and e le c t r o n s ,  
we have n = C onst.
For th e  Mott c a s e , = t^ e C onst.
For th e se  c a se s  E ro fey ev  deduces eq u a tio n s  1 and 2 fo r  
c y l in d r ic a l  n u c le i  and f l a t  n u c le i  r e s p e c t iv e ly *
The r e s u l t s  o b ta in ed  on th e  gas l i n e  were t r e a te d  by th e  
Avrami and E rofeyev  eq u a tio n s  ( l )  and (2)* E quation  ( l )  
gave s t r a ig h t  l i n e s  p a ss in g  through th e o r ig in  as shown in  
f ig u r e  21. The a c t iv a t io n  en ergy  a s s o c ia te d  w ith  th e se  
s t r a ig h t  l i n e s  was determ ined  by p lo t t in g  lo g  k from th e se  
graphs a g a in s t  r e c ip r o c a l  a b so lu te  tem p era tu res . The v a lu e s  o f  
Is are shown in  T able V and th e  a c t iv a t io n  en ergy  p lo t  i s  shown 
in  f ig u r e  22*
a n d  i n  t h e  s e c o n d  l i m i t i n g  c a s e  = C o n s t .
t ° c Ta b so lu te k - 1013.11 lo g  Is 1/T  x  10 ” 4
119 3 9 2 * 1 6 0 . 0 1 8 8 8 2 . 2 7 6 2 5 ,5
124 397#16 0 .3 0 9 3 2 * 4 9 0 3 2 5 * 1 8
1 2 9 402*16 0*50789 2 . 7 0 5 7 2 4 .8 6
134 4 0 7 .1 6 0 .0662b 2.82X4 2 4 .5 7
The v a lu e  o b ta in ed  was 3 2  KcaX w hich was in  good agreem ent 
w ith  th e v a lu e s  o b ta in ed  by o th e r  methods o f  d a ta  treatm ent*
The above eq u a tio n  ( l )  a ls o  was a p p lied  to  th e  graphs o b ta in ed  by 
T.G.B* S tr a ig h t  l i n e s  w ith  d i f f e r e n t  s lo p e s  were o b ta in ed  which  
d id  n o t p ass through th e  o r ig in ,  but in te r c e p te d  th e  tim e a x is  
a t 10, 7 and 3 m in u tes fo r  tem perature 120, 124 , X34°C as 
shown in  f ig u r e  2 3 * E quation  (2 ) a p p lied  to  th e  r e s u l t s  
o b ta in ed  on th e  gas l i n e  d i d  n ot g iv e  a r e a so n a b ly  s t r a ig h t  
l i n e ,  but th e  r e s u l t s  o b ta in ed  from T.G.B# p a ss in g  through th e
1 7 9 ,
,2   __
\ / - 1 ±
l 80o
2 4 .5
F i g .  22,
2 5 . 0 2 6 . 0
1 i o “ 47f x  10
\ / “ i i ' n ( l  - f t ) ‘
T im e i n  m i n u t e s
F i g .  2 3 .
l 82„
\ J - 1 in  (1 -oc)
o r ig in .  These are  shown in  f ig u r e  24.
The rea so n s  why th e  g a s - l in e  graphs ( f ig u r e  21) p ass  
through th e o r ig in  w h ile  th e  T.G .B. graphs ( f ig u r e  2 3 ) 
are n o t c le a r .  I t  i s  presum ably r e la te d  to  th e  f a c to r s  
m entioned in  Chapter 4 .2 .  to  e x p la in  th e s l i g h t l y  d i f f e r e n t  
shapes o f  th e  gas l i n e  and T .G .B . r e a c t io n  cu rv es .
In  Chapter 2 p r ev io u s  work on the r e a c t io n  betw een  red u cin g  
su gars and am inoacids in  s o lu t io n  was rev iew ed . In  c o n tr a s t ,  
in  t h i s  work, a l l  th e  exp erim en ts were c a r r ie d  ou t under vacuum, 
w ith  th e  r e a c ta n ts  c a r e f u l ly  d r ie d . Oxygen was o f  cou rse  a b se n t.  
T his m ight make th e  system  s im p le r  and reduce th e  number o f  
p ro d u cts . I t  c e r t a in ly  cannot be ex p ected  th a t  th e  s o l id  phase . 
r e a c t io n  w i l l  le a d  to  p rod u cts  d i r e c t l y  com parable w ith  th o se  
o f  th e  l iq u id  phase r e a c t io n .  The i d e n t i f i c a t i o n  o f  minor 
p rod u cts was n ot a b a s ic  aim o f  t h i s  work, b ut th e  n a tu re  o f  some 
p rod u cts  was in v e s t ig a t e d  in  th e  hope th a t  i t  would e lu c id a te  th e  
mechanism. A summary o f  th e  p rod u cts found i s  g iv e n  in  th e  
ta b le  below .
1 8 4 .
( I I )  The P r o d u c t s  a n d  M e c h a n ism  o f  t h e  G l u c o s e / A m i n o a c i d 3 R e a c t i o n
A m ino-acids Major gaseou s  p rod u cts id e n t i f i e d
Minor gaseou s  
p rod u cts
Sublim ed
p rod u cts S o lid  product
V a lin e
Nor~v a l i n e
2 -am ino-  
b u ty r ic -a c id
Iso -b u ty r a ld e h y d ^ ; 
C02 + h2 0
B utraldehyde
c ° 2 + h2 o
P ro p io n a ld eh y d e , 
C02 + H20
A c e t ic  a c id  
carbonyl com­
pound a t  mass
84
A c e t ic  a c id  + 
unknowns
A c e t ic  a c id
C6h8°4
C17H11N4°£
d im eth y l
p y ra z in e
compound
and mass
numbers
142 ,74 ,20;
End product 
red u cton e a t  
mass l 8 l
(C10HX7°3N)
’
/ c o n t d . . ,
1 8 5 ,
A m ino-acids Major gaseou s  p rod u cts id e n t i f i e d
Minor' gaseou s  
p rod u cts
Sublim ed
p rod u cts S o lid  product
Qt a la n in e A ceta ld eh y d e ,
co 2 + h2o
F u r fu r a l, 
a ld o l  a t  
mass 7 0 j 
mass a t 58*
G ly c in e C02 + H2 ° F u r fu r a l, 
a ceto n e  mass 
a t ?2D
Phenyl
(3-alanine
Phenyl a c e t  a id  ehy d e
c o 2 + h2 0
A c e t ic  a c id ,  
aceton e
Compound 
a t  mass 
2 8 1 *
3 -Amino-  
b u ty r ic  
a c id
C02 + HgO 
3 -Pent en~2 - one
A c e t ic  a c id ,  
acetone*
4 -Amino-  
b u ty r i c 
a c id
C°2  + H2 °  
F u rfu ra l
Me th y l  e th y l  
k e to n e , 
m ethyl n- 
-propyl R etom  
acetone*
(3 -a la n in e C02 + h2o pjle e t  0 - com­
pound#
( l )  The m ajor g a seo u s p rod u cts  from th e  r e a c t io n  betw een  
g lu c o se  and a am in o -a c id s  are  w ater vapour; carbon d io x id e  
and th e  aldehyde one p la c e  low er in  th e hom ologous s e r i e s  than  
th e  o r ig in a l  amino a c id , i . e .  th e  amino a c id  i s  deam inated and 
d ecarb oxy la ted #  The o n ly  e x c e p t io n  to  t h i s  r u le  was w ith  th e
lo w e s t  amino a c id , g ly c in e .  T h is d id  n o t g iv e  r i s e  to  
form aldehyde but produced COg and w ater . I t  i s  p o s s ib le  th a t  
a f t e r  th e  S c h i f f  b ase  i s  formed i t  does n o t undergo th e  
transam ination su g g e sted  below  but undergoes fu r th e r  p o ly m er isa ­
t io n .
The r e a c t io n  betw een g lu c o se  and o th e r  OS a m in o-acid s  
m ight w e l l  happen v ia  th e  S tr e c k e r  d eg ra d a tio n , i , e ,  th e  
g lu c o se  and a amino a c id  r e a c t  to g e th e r  to  g iv e  a S c h i f f s  b a se .  
T his d e c a r b o x y la te s  r e a d i ly  and a f t e r  tr a n sa m in a tio n  ta k e s  p la c e  
th e  product can be h y d ro ly sed  by th e  w ater formed a t th e  b eg in n in g  
o f  th e  r e a c t io n ,
R -  CH -  COOH + OHC — Rf *------------R — CH — N =HCR' + Hg0
NHg red u cin g  sugar COOH
a  amino a c id s
R -  CHg — N =  CHR «  ^  RCH = N — CKg -  R ’
r  h2°
RCHO + HgN -  CHg -  R 1
14
T his mechanism a ccou n ts fo r  th e  r e s u l t  o f  th e  C la b e l l in g
exp erim en ts s in c e  COg comes e n t i r e l y  from th e  ca rb o x y l group
o f  th e  amino a c id . The tra n sa m in a tio n  r e a c t io n  has been
31p o s tu la te d  p r e v io u s ly  by H erbst and E n gel.^  The r e a c t io n  
i s  s a id  to  be a c id  c a ta ly s e d  and perhaps th e  amino a c id  i t s e l f  
f u l f i l s  t h i s  r o l e .  There i s  no ev id en ce  w hether or n o t  an 
Amadori rearrangem ent i s  in v o lv e d  ( s e e  Chapter 2 , p . 1 5 )*
(2 ) P rod u ction  o f  a c e t i c  a c id  has n o t y e t  been rep o r ted
in  th e  r e a c t io n  betw een  g lu c o se  and oc amino a c id s ,  though i t  has
64been  ob served  by Simon and Heubach and Hodge, F ish e r  and 
65N elson  in  th e  r e a c t io n  betw een  a k e to -h e x o se  and an amine s a l t .  
I t  was shown by running th e  r e a c t io n  on th e  mass sp ectro m eter  
d ir e c t  in s e r t io n  prob e, th a t  th e  amount o f  a c e t i c  a c id  
g o es through a peak as th e  tem perature in c r e a s e s .  Knowing th a t  
th e  o th e r  workers speeded  th e  r e a c t io n  by adding a c id  to  th e  
g lu c o se /a m in e  r e a c t io n  m ix tu re , we su g g e st  th a t  a c e t i c  a c id  
p la y s  an a u t o c a t a ly t ic  r o le  in  th e  r e a c t io n .
T his e f f e c t  to g e th e r  w ith  th e  warming up o f  th e  r e a c t io n  
c r y s t a l s  by th e  h e a t produced in  th e  r e a c t io n  and th e  n e c e s s i t y  
to  have some w ater  a v a i la b le  fo r  th e  h y d r o ly s is  o f  th e  S c h i f f  
b ase m ight accou n t fo r  th e  in d u c t io n  p er io d  a s s o c ia t e d  w ith  th e  
r e a c t io n .
(3 ) P ro d u ctio n  o f  w ater
Almost h a l f  o f  th e  w e ig h t l o s s  from th e  g lu c o s e /v a l in e
r e a c t io n  was shown to  be as w a ter . The c a lc u la t io n  in  Chapter 4,
1S e c t io n  4 , showed o n ly  ~ th  o f  th e  t o t a l  w ater cou ld  come from  
th e  known r e a c t io n  form ing th e  S c h i f f  b a se . P rev io u s  w orkers 
d id  n o t e s t im a te  th e  amount o f  w ater  formed s in c e  most o f  them 
c a r r ie d  th e r e a c t io n  in  aqueous s o lu t io n .  The a d d it io n a l  w ater  
cou ld  a r is e  from th e  d eg ra d a tio n  o f  g lu c o se  c a ta ly s e d  by amino 
a c id  and la t e r  by a c e t i c  a c id  produced. D egrad ation  o f  g lu c o se  
m ight occu r , fo r  example v ia  e l im in a t io n  o f  c i s  and tra n s  
hydrogen and h yd roxy l g ro u p s. I f  t h i s  i s  s o , th en  th e  amount o f
w ater in v o lv e d  shou ld  r e s u l t  in  th e  d eg ra d a tio n  o f  v i r t u a l l y  a l l  
th e  g lu c o se  p r e s e n t . T his was in d eed  found to  be s o . W hile 
q u a n t i t ie s  o f  u n rea cted  v a l in e  were found on s e v e r a l  o c c a s io n s ,  
th e  2 :4  d in itro p h en y lh y d ra zo n e  o f  g lu c o se  w hich i s  a p a r t ic u la r ly  
e a sy  d e r iv a t iv e  to  prepare was n ev er  found.
T his c o n c lu s io n  i s  sup p orted  by th e  r e a c t io n  cu rves o b ta in ed  
w ith  g lu c o se  in  e x c e s s  w hich co n tin u e  to  r i s e  a f t e r  th e  main 
r e a c t io n  has cea sed .
(4 ) D egrad ation  o f  g lu c o se
D egrad ation  o f  g lu c o se  may w e l l  accompany th e g lu c o s e /
amino a c id  r e a c t io n .  Other w orkers have rep o r ted  many d i f f e r e n t
d eg ra d a tio n  p rod u cts from r e a c t io n  betw een su gars and am ines,
l 8e .g .  pyruvaldehyde and 5-H.M .F. The major d eg ra d a tio n  product
from a ld o h ex o ses  and k e to h ex o se  i s  5 -H.M.F. F u rfu ra l i s  th e  
d eg ra d a tio n  product when p e n to se s  are h ea ted  w ith  a c id . In  t h i s  
work no 5-H.M .F. was ev er  i d e n t i f i e d ,  when OC amino a c id s  were 
in v o lv e d .
(5) Mechanism
The r e s u l t s  in  t h i s  work appear to  f i t  th e  mechanism  
proposed  by Hodge, F ish e r  and N elso n  ( 1 9 6 3 ) fo r  th e  r e a c t io n  
betw een secon d ary  amine s a l t s  and h e x o se s . (Secondary amine 
s a l t s  were used  b ecau se  l e s s  raelan oid in  was formed in  r e a c t io n  
m ix tu res  than when prim ary was u s e d . ) They h ea ted  red u cin g  
su g a rs w ith  one or two m ole o f  secon d ary  amine s a l t s  in  b a s ic  
a lc o h o l ic  media fo r  24 hours a t  7 0 ° -8 0° .  Aldo and k e to  h ex o ses
1 8 9 .
were t r ie d  ( in c lu d in g  g lu c o s e )  and c r y s t a l l in e  red u cto n es were 
o b ta in ed  w ith  s tr u c tu r e  ( I )  as show n:-
R
R
X N-rr  OH
* a
R
R
>N =
OH CH
tt
OH
- OH
-  0~
R educing su g a rs  were a ls o  r e a c te d  w ith  secon d ary  am ines in  
a m eth o d ica l way to  d eterm in e th e  p recu rso res  o f  i s o la t e d  
compounds. When g l a c i a l  a c e t i c  a c id  was added to  th e  r e a c t io n  
m ix tu res  browning occu rred  much more r a p id ly .
They su g g e sted  th a t  th e  red u cton e i s  formed through th e  
foXXowint in te r m e d ia te  6 carbon red u cton e compound w hich  
undergoes a r e a c t io n  w ith  RR’NH as shown below .
r*C a 0
1
C -
IIc - 1
OH
OH
\
C a 0|
CH3
HO CH.
X T
HO- /  \  - H2°
NH i r
NRf
OH
HO CH, 
\ /  -
HO1
R
NR#
I l i a
R*
OH
I l l b
The above fo r m u la tio n  shows how th e  amino h ex o se  red u cton e I I I  
would be formed by a dou b le in tr a m o le c u la r  a ld o l  co n d en sa tio n  
in  which both  carb on yl groups and m ethyl groups p a r t ic ip a t e .  They
a l s o  s u g g e s t e d  t h e  f o r m a t i o n  o f  a  4 c a r b o n  f r a g m e n t  a s  b e l o w : -
— 
0
 
»
 
w
C = 
1
0
I
c  - OH
11
t  -
I
OH
1
C a 
1
0
I
c h 3
CH q1 3 
1
c  =
[
0
\
C a
1
0
I
H C -
1
OH
1
c  »  
j
0
CH3
ch3
tt n COOH
' 2 - t
 H«C ss 0
]
C -  OH
il
C -  OH
I
CH
Simon and Heubach (19&5) used  la b e l le d  C^4 g lu c o s e ,  
prepared  th e  la b e l l e d  red u cto n es  and showed th a t  23% o f  C m ethyl 
c f  ( I I I )  i s  d e r iv e d  from C -  1 o f  g lu c o se  and 72% from C -  6#
They su g g ested  a d i f f e r e n t  mechanism but s ta r t e d  w ith  th e  
in te r m e d ia te  I  and f in is h e d  w ith  th e same compounds ( XlXa) and 
( I l l b ) *
In  Chapter 4 , S e c t io n  4 , th e  p resen ce  o f  a compound 
o f  mass 144 and a e m p ir ic a l form ulae C^HgO  ^ was rep orted *
T his cou ld  w e l l  have been  th e  red u cton e ( l ) „
The above compound • p r o v id e s  a s id e  r e a c t io n  w hich
a c e t ic  adeL
' m ight have produced U n fo r tu n a te ly  no tr a c e  o f  a 4 carbon  
red u cton e or d e r iv a t iv e  o f  i t  was ev er  observed#
One o f  th e  2 :4  d in itro p h en y lh y d ra zo n es  m entioned in  
Chapter 4*4 showed th e  e x is t e n c e  o f  a compound w ith  a m o lecu la r  
w eig h t o f  l8 l#  T h is i s  th e  same as Compound ( i l l )  above# 
C o n sid er in g  th e  g lu c o s e /v a l in e  r e a c t io n  we s u g g e s t  th a t  i t  m ight 
tak e th e  fo llo w in g  p ath  w hich does n o t in v o lv e  tran sam in ation *
1 9 1 .
RCHO + H NM
g lu c o se
- CH ~ R»
I
COOH
v a l in e
•H2 ° RCH = N -  CH -  R1
i
COOH 
S p h if f  bas<
R» -  CK - 'N  a CHR —  R*CH0 -  NH0 + RCHO
* +h2o 45 ^
CH^  g lu c o se
J ?HX CH
9 55 0 H0 ^ i  +  R* -  CRo -  NH } 3
• v  v  C
 ^ “ 0H HO -  C CH ~2H„0 O s  C ^ ^CH
C -  OH
I
C = 0
j
CH„
i i \ 8 — |
HO C —  C = 0 HO ~  CH— — C s NCH0 R»
tLt
A second mechanism a ls o  i s  possib le in v o lv in g  a r e a c t io n  
betw een  th e u n rea cted  v a l in e  and th e  in te r m e d ia te  formed from  
g lu c o se  d e g ra d a tio n .
c h 4 CH
%  L 3R'CH -  MH0 + C -  OH ±  v
COOH HO -  C CH„ “2Hn0 HO -  C ^  CH
l| i 2 — J —* || I ------->  .
HO -  C —  C = O HO -  C------—  C =s N -  C -  .R*
I
COOH
The above compound a f t e r  lo s in g  carbon d io x id e  le a d s  
to  Compound ( I I I )
CH CH
I 3 j 3
C ” C02 C *
/ %   * + XHO -  C NCH 0 == C CH
ll I I IHO -  C — C = N -  CHR1 HO -  CH----------C = N -  CH„ -  R
I 2
COOH
5H.M.F. would n o t ta k e  th e p la c e  o f  red u cton e i n  t h i s  
r e a c t io n ,  though i t  has th e  same m olecu la r  w e ig h t. A fter  th e  
s in g le  carb on yl group in  i t  had r e a c te d , none would be l e f t  to  
g iv e  a phenylhydrazone.
(6) G lucose and o th e r  tc amino a c id s
The r e a c t io n  curves o b ta in ed  from th e  r e a c t io n  o f  g lu c o se
w ith  «£ amino a c id s  a t  124° C were compared in  F igu re 33?
Chapter 4 . They are a lm ost o f  equal slop e*  As th e m olar
q u a n t i t ie s  o f  g lu c o se  and amino a c id  p r e se n t  in  each ca se  were
s im i la r ,  i t  appears th a t  th e  r a t e  o f  r e a c t io n  i s  independent o f
th e number o f  carbon atom s, though the t o t a l  f i n a l  p re ssu re
change v a r ie s .  I t  has been su g g e sted  th a t  th e  a m in e-g lu co se
r e a c t io n  i s  c a ta ly s e d  by a c id s*  I t  i s  p o s s ib le  th a t  th e  same
a p p lie s  to  th e  a a m in o -a c id -g lu c o se  r e a c t io n  in  which ca se  th e
co n sta n cy  o f  th e  r a te  m ight be r e la t e d  to  th e  f a c t  th a t  a l l  o f
th e  a-am ino a c id s  in v o lv e d  in  t h i s  work have s im ila r  Fk v a lu es*
Some o f  th e  Pk v a lu e s  o f  oe-amino a c id s  and (3 and y amino a c id  are
82r e p r e se n te d  in  th e  ta b le  below .
. —  —  ■ " - j * — j» -
; Ammo a c id  J^1(C00H) J Pk2 (NH*) j PX s o e le c t r ic  P o in t j
          *         1-
G ly c in e 2,34 9.60 5* 97
j
a - a la n in e  i?! 2.34 9.69 6# 0
ex. - aminobu ty r  i  c 
a c id  1
2.55 9.60 6.08
N o r -v a lin e  j 2.36 9.72 6.04
J
V a lin e i 2.32 9« 62 5.96
(3-a la n in e  i 3« 60 10*19
1
6# 90
y - aminobu ty r  i  <[> 
a c id
4ft 031 10.556
I
7.29
f a s t e r  t h a n  w i t h  CX. a m i n o  a c i d s ,  t h o u g h  $  a m i n o b u t y r i c  a c i d
appeared to  r e a c t  in  two s t a g e s .  This was shown fo r  th e  l iq u id
l8phase by G o ttsh a lk  and P a r tr id g e .
I t  may w e l l  be s ig n i f i c a n t  th a t  [3-a la n in e  and y -am in o-  
b u ty r ic  a c id  r e a c t  f a s t e r  th an  th e  OC-amino a c id s  ( e .g .  p -a la n in e  
0 . 8 ;  OG-alanine 0 . 4  in  a r b itr a r y  u n i t s )  by an amount r e la t e d  
to  th e  hydrogen io n  c o n c e n tr a t io n s  to  w hich th ey  g iv e  r i s e .
Q u a n tita t iv e  e s t im a te s  o f  minor p rod u cts  were n o t made, 
but i t  would appear th a t  th e  amount o f  fu r fu r a l  in c r e a s e s  and 
a c e t i c  a c id  d e c r e a se s  as one d escen d s th e  hom ologous s e r i e s .
(7 ) Therm ochem istry
8 3  8 4I t  i s  c la im ed  by Tamman, and H ed va ll th a t  r e a c t io n s
betw een  io n ic  in o r g a n ic  c r y s t a l s  are ex o th erm ic . No ex p er im en ta l
m easurem ents o f  e x o th e r m ic ity  were made in  t h i s  work, but a
crude e s t im a te  was made as f o l lo w s .  Assuming th e  o v e r a l l  p r o c e s s :
CH3x  -H O
CH — CH — NH • + OHC (CH0) 0 = CH. CH. N = CHpty S  | 2 j 3 2  } I
COOK C H 0 I-IOQC CeH_ _ 0_5 11 5 ,5 11 5
The r e a c t i o n  o f  g l u c o s e  w i t h  (3 a n d  y  am in o  a c i d s  w as
v a lin e  g lu c o se  S c h i f f  b ase
+Hg°
v  CH
C H  0 C -  CH„ -  NH + C 0„ +  J 'C H  -  CHO /  JL***  ^ “ OH
g lu c o se  amine iso b u ty ra ld eh y d e
The h e a ts  o f  fo rm a tio n  o f  some o f  th e  r e a c ta n ts  and
O c
prodvicts can be found from th e  standard  t a b le s .
1 9 4 .
AH a t 2 5 °C 
L -  v a l in e  ( c r y s t a l )  -147*68 K cal/m ole
C02 -  9 4 .0 5 2  K cal/m ole
The d i f f e r e n c e  betw een the h ea t o f  fo rm a tio n  o f  th e  
g lu coseam in e and g lu c o se  can be worked ou t a p p rox im ately  from  
th e  d if f e r e n c e  betw een  th e  h ea t o f  form ation  o f  th e  fo llo w in g  
compounds, s in c e  th e  a ld eh yd e oxygen in  g lu c o se  i s  r e p la c e d  by 
NHr
The h ea t o f  fo rm a tio n  o f  few  hom ologous am ines and t h e ir  
corresp on d in g  a ld eh yd es a t  25°C are ta b u la te d  i n  th e  ta b id  
below .
Homologue AH (g a s)  
amines
AHf ( l i q .  ) Homologue
a ld eh yd es
AHf (g a s)  A H ^ (liq .) AHf ( g a s )
Methylamine - 5 ,5 - 1 1 .3 Formaldehyde -2 5 .9 5 —40„ 0 2 0 .4 5
E thylam ine -1 1 ,3 5 -1 7 .7 1 A cetaldehyde -3 9 .7 3 - 4 5 . 8 8 2 8 . 3 8
Propylam ine - 1 6 . 7 7 -2 4 .2 6 Propionalde -  
hyde
-4 5 .4 5 - 5 2 . 5 4 2 8 . 6 8
n-butylaraine - 2 2 . 7 -3 0 .5 B utyraldehyde -4 8 .9 4 - 5 6 . 9 9 2 6 .2 4
s - b u t y l -  
amine
- 2 5 . 4 - 3 2 . 8 6 I s o - b u t y r a l-  
dehyde
-5 2 .2 5 -5 9 .7 9 2 6 .8 5
Ig n o r in g  th e  A(AH^) fo r  form aldehyde and m ethylam ine an 
average d if f e r e n c e  o f  2 7 .3  K cal was o b ta in e d . The o v e r a l l  
h ea t o f  r e a c t io n  cou ld  be o b ta in ed  by su b tr a c t in g  th e  h ea t o f  
fo rm a t!jn  o f  product from th e  h ea t o f  fo rm a tio n  o f  r e a c ta n ts .
19 5 ,
e .g .
^ r e a c t i o n  * ( -9 4 .0 5 1  -  5 2 .2 5 )  -  (1 4 7 .6 8 )  + 2 7 .5 3
COg v a l in e
approx. equal to  « 29 K cal per mole
The above c a lc u la t io n s  su g g e st  th a t  th e  f i r s t  s ta g e s  
o f  th e  r e a c t io n  are ex o th erm ic .
The r e l a t i v e  abundance o f  peaks o b ta in ed  from th e  sp e c tr a  
o f  su gars and th e  p o s s ib le  fragm ent io n  form ula fo r  th e  major 
peaks and s i g n i f i c a n t  peaks are ta b u la te d  in  ord er o f  mass numbers 
The most abundant peak fo r  each spectrum  i s  tak en  as 100o
( l )  G lucose
The mass spectrum  o f  g lu c o se  was o b ta in ed  a t  1 7 ev„ I t  wa
ob served  th a t  g lu c o se  does n o t g iv e  th e p aren t m o lecu la r  io n
peak. The same phenomenon has been  observed  in  th e  s p e c tr a  o f
7kp a r t ia l l y  s u b s t i t u te d  d e r iv a t iv e s  o f  m on osacch arid es. The
b ase  peak fo r  g lu c o se  was a t  m/e = 73 (s e e  F ig . 4 .3 9 )» The 
second  h ig h e s t  peak was a+ mass 6 0 , and th e  th ir d  a t 43o The
peaks ob served  in  ord er o f  abundance were as f o l l o w s : -
73 , 6 0 , 43 , 31, 29 , 57 , 71 , 15 , 19, 59 , 97, 55, and s ig n i f i c a n t  
sm a lle r  peaks were a t m asses 101 , 102, 1 0 3 , 1 3 1 , 149 and 163* A 
fra g m en ta tio n  p a tte r n  o f  th e  spectrum  i s  su g g e ste d  in  F ig u res  23 
and 24, corresp on d in g  to  th e above mass numbers o b serv ed .
F igu re 23 shows th e  p o s s ib le  break down p a tte r n  o f  th e  open ch a in
g lu c o se  through an in te r m e d ia te  to  the mass numbers 101, 102 
and 1 0 3  as w e l l  as mass 6 0 . F igu re 24 shows th e  p o s s ib le  
fr a g m en ta tio n  p a tte r n  le a d in g  to  th e  peaks a t mass numbers 
73, ?1 , 60 and 43» There i s  some ev id en ce  th a t  g lu c o se  ( I )  
goes in to  th e  gas phase in  a p ro to n a ted  form . On e le c tr o n
im pact i t  cou ld  io n iz e  to  g iv e  l a  which cou ld  lo s e  th e  OH on
C -  6 to  g iv e  lb  w hich cou ld  fragm ent to  m asses 60 and 4-3 (Xc)„
In  a n o lh er  p o s s ib le  r o u te  g lu c o se  f i r s t  lo s e s  CH^ QH to  g iv e  ( I la )
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a t 149, th en  t h i s  by lo s in g  a w ater m olecu le  g iv e s  th e  peak a t  
131 ( l i b ) .  S tr a ig h t  fra g m en ta tio n  o f  t h i s  io n  le a d s  to  m asses  
71 and 60  ( l i e ) .  In  a th ir d  p o s s ib le  fra g m en ta tio n  g lu c o s e ,  
by lo s in g  an OH group from e i t h e r  and ( I l i a  and I l l b )  
p o s i t io n s  cou ld  break up to  m/e = 73 (I I X c ) . (See F ig u res  25 and ?6
(2 ) 2 -D eoxyg lu cose
2 -D eoxyg lu cose  i s  s im ila r  to  g lu c o s e , but one hyd roxyl 
i s  a b sen t on th e C -  2 0 The spectrum  was shown in  F igu re 40, 
Chapter 4 , The h ig h e s t  mass numbers observed  were sm a ll peaks 
a t 147 , 146, and 133* Other s ig n i f i c a n t  peaks ob served  in  
ord er o f  abundance were:**
6 0 , 5 7 , 4 3 , 7 4 , 45 , 8 6 , 71 , 5 6 , 6 1 , 2 9 , 73 , 44 , 2 8 , 55 , 2 7 , 41 .
One main d i f f e r e n c e  betw een g lu c o se  and 2 -d eo x y g lu c o se  
i s  th a t  th e  l a t t e r  g iv e s  a b a se  peak a t  60  in s te a d  o f  73, s u g g e s t in  
th a t  th e  second carbon carbon atom i s  in v o lv e d  in  th e form ation  
o f  th e  d ih y d r o x y a lly l  io # .  On th e  o th er  hand, 73 I s  s t i l l  a 
s ig n i f i c a n t  peak and presum ably some d ih y d r o x y a lly l  io n s  a r is e  
from o th e r  so u r c e s . Peaks a t  73 and 71 are r e la t e d  to  th e  
a l l y l  r a d ic a l  and would be s t a b i l i z e d  by d e lo c a l i z a t io n  o f  
e le c t r o n s  and by th e  e le c t r o n e g a t iv i t y  o f  th e  o x y g en a tio n  
( c f .  g lu c o s e ) .  A p o s s ib le  fra g m en ta tio n  p a tte r n  i s  su g g e sted  
in  F ig u res  27 and 28.
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( 3 ) Mannose
Mannose i s  a h exose  and an o p t ic a l  isom er o f  g lu c o s e , the  
h yd roxy l b e in g  in v e r te d  on C -2. The spectrum  o f  t h i s  compound 
i s  shown in  F igu re 4 . 4l* The major p ea k s(a s  r e p r e se n te d  in  
th e  t a b le )  ob served  in  o rd er  o f  abundance were 73? 60, 3 1 ,
43 , 29 , 57, 71 , 6 l ,  42 , 18 , 44* On a. secon d  o c c a s io n  th e  
same peaks appeared w ith  d i f f e r e n t  abundances. The major peaks 
in  ord er o f  abundance were 31, 73 , 60, 29, 43 , 6 l ,  42 , 44 , 57, 56, 
32 and 28. The breakdown p a tte r n  o f  th e se  sp e c tr a  i s  thought to  
be s im ila r  to  th a t  o f  g lu c o s e ,  s in c e  th er e  are no major d i f f e r e n c e s  
betw een t h i s  s p e c tr a  and th a t  o f  g lu c o s e , i f  th e  l e v e l  o f  
r e p r o d u c ib i l i t y  i s  tak en  in t o  account* The b ase peak a t  31
l a t t e r  i s  p o s s ib ly  due to  l o s s  o f  CH^ OH a t  C-6 or fragm ent
'£>CH — CH ion*
I )OH OH
N ote: peaks a t  mass 18 were found w ith  many o f  th e sugars* They
may have to  due to  w ater background in  th e  mass sp e c tro m eter ,
to  w ater absorbed on th e  sugar c r y s t a l s ,  to  w ater l o s t  by therm al
+d eg ra d a tio n  o f  th e  su gar , or to  e l im in a t io n  o f  th e  H^ O io n  from  
h e a v ie r  ion s*  As th e  io n iz a t io n  p o t e n t ia l  o f  w ater  i s  13 ev  
w hich v a lu e  i s  much h ig h er  than  th a t  o f  most o rg a n ic  compounds, 
and as th e  charge ten d s to  s ta y  w ith  th e fragm ent o f  l o w e s  t  
i o n iz a t io n  p o t e n t ia l ,  th e  l a s t  p o s s i b i l i t y  i s  th e  l e a s t  l ik e ly *
(4) Rhamnose
Rhamnose i s  g lu c o se  la c k in g  an OH group on C-6* The 
spectrum  o f  t h i s  compound was shown in  F igure 4 .42* The d ata
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o b ta in ed  are shown in  th e  T ab le . The o n ly  peak a t a 
h ig h  mass number appeared a t 146, showing l o s s  o f  a m o lecu le  o f  
w a ter . The most abundant peak appeared a t  mass 1 8 , but i t  i s  
u n l ik e ly  th a t  t h i s  i s  p r im a r ily  due to  fra g m en ta tio n  o f  th e  
sugar io n  ( s e e  p rev io u s  p aragrap h ). The secon d  major peak was 
th e r e fo r e  taken  as th e  b ase  peak. The major peaks ob served  in  
ord er o f  abundance were 6 0 , 7 3 , 2 9 , 3 1 , 4*5, 5 8 , 7 1 , 42 , 5 7 , 2 7 ,
5 6 , 28, 41. The p resen ce  o f  peaks a t  73 and 6 0  in d ic a t e s  th a t  C~6 
i s  n o t alw ays in v o lv e d  in  th e  fo rm a tio n  o f  th e se  io n s .  On the  
o th e r  hand th er e  i s  s t i l l  a s ig n i f i c a n t  peak a t  mass 31* T his was 
p r e v io u s ly  thought to  a r i s e  from th e h yd roxy l group in v o lv in g  
th e  C-6 carbon o f  th e  a ld o h e x o se s . There must be in  f a c t  
an other so u r ce , perhaps in v o lv in g  th e  e l im in a t io n  o f  CHO from  
th e  CH — (!h io n . A fra g m en ta tio n  p a tte r n  i s  su g g e ste d  in  F igu re 29«
! i
OH OH
(5) D ~G alactose
G a la c to se  i s  an o p t ic a l  isom er o f  g lu c o s e , h av in g  an 
OH group in v e r te d  a t  C -4 . The mass spectrum  o f  t h i s  compound 
was shown in  F igure 4 .3 8 .  The major peaks ob served  in  order o f  
abundance were ?1, 43 , 6 l ,  60 , 73, 1 8 , 57 , 31, 29, 44 , 5 , 42,
5 6 , 55 , 19, 17, 41 , 7 2 , ?4 , 101 , 102, 6 9 , 91 , 102 and X0 3 .
The appearance o f  th e  b ase  peak a t mass 71 g iv e s  a 
d i s t i n c t  d i f f e r e n c e  betw een th e  sp e c tr a  o f  maimose and g lu c o s e , and 
on th e  o th er  hand g a la c t o s e .  A p o s s ib le  s u g g e s t io n  to  account  
fo r  t h i s  cou ld  be th e  tra n s  p o s i t io n s  o f  th e  h yd roxy l group and 
hydrogen on carbons 4 and 5> o f  g a la c to s e  d i f f e r in g  from th o se  o f
2 0 5 .
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g lu c o se  and mannose w hich are in  th e c i s  p o s i t io n s .  T his may 
f a c i l i t a t e  th e  l o s s  o f  a m o lecu le  o f  w ater from th e  io n  a t  M/e = 149, 
le a d in g  to  a b ase peak a t  71® (See F igu re 30o )
(6) D -fr u c to se
F ru ctose  i s  a k e to  h ex o se  having th e aldehyde group  
r e p la c e d  by a k e to  group on carbon 2„ The sp ectru m cf t h i s  
compound was shown in  F igu re 4.44® The major peaks observed  
in  order o f  abundance were a t  73, 1 8 , 43, 3 1 , 57, 6 0 , 6 l ,  2 9 , 71,
86, 45, 103, 55, 56„ The spectrum  o b ta in ed  i s  s u r p r is in g ly  
s im ila r  to  th a t  o f  g lu c o se  though the peak a t  60  i s  o f  lowey: 
abundance. A fra g m en ta tio n  p a tte r n  o f  t h i s  compound i s  sviggested  
in  F igure 3±*
(?) Sorbose
Sorbose i s  a k e to  h ex o se  and an o p t ic a l  isom er o f  fr u c to s e  
h avin g  an OH group in v e r te d  on C-5„ The spectrum  o f  t h i s  compound 
was shown in  F igu re 4.45® The major peaks ob served  in  order o f  
abundance were a t  m asses 3 1 , 43 , 2 9 , 6 l ,  73 , 1-8, 60, 44, 42 , 45,
57, 72 , 32, 71 , 27, 55 . The b ase  peak a t  31 g iv e s  a d i s t i n c t i v e  
d if f e r e n c e  betw een t h i s  compound and f r u c to s e .  Though mass 73 
i s  o f  low er abundance, i t  i s  thought th a t  th e  fra g m en ta tio n  
p a tte r n  o f  t h i s  compound i s  l i k e l y  to  be s im ila r  to  th e one o f  
f r u c to s e .
(8 ) A rabinose
A rabinose i s  an a ld o p en to se  and i t s  spectrum  was shown 
in  F igure 4 .4 6 .  The m o lecu la r  io n  peak d id  n ot appear, but a
208 .
A r a b in o se
yO M/e-31
H /  \  H —CHo 0K
h) }i.|— | f  OH
H OH 
M-119
•OH'
Y Y
•CH^ OK
M/e=rl33
6H0-j*~ CH— CH1— G ,
fc 2 9  ' Ah : 4s Ah!
Y
—CHO
M/e—102
• Mmr?2
3Hr—CKy-CO 
)HL
CH CH
I I OH OH
M /e—60 *
CH— -CH I 2 OH
M =^44
CHO-}- CH— CH1— CH
1 a lM -29 OH. ^OH
M/e-73
CH^ -CHO I 2 
OH
'^CH^OH-Y CHO
M/e=3!
M/e=rll9 M/e-LOl
■ + -  +  
ohc— ch-=— co <— >  one— -cnr==c‘ 
-I-Ah
HCHO
M/e=r?l
M.^30
F i g .  31 .
M-101.
2 0 9 o
v ery  sm a ll peak appeared a t  P^ = 149, w hich may correspond to  
th e  l o s s  o f  a p ro to n , though t h i s  seems an u n l ik e ly  fra g m en ta tio n .
The major peaks ob served  from s p e c tr a  o f  a ra b in o se , in  
ord er o f  abundance were a t  3 1 , 43 , 29, 6 0 , 73 , 6 l ,  42 , 44 , 7 2 , 57  
and th e  o th e r s  are shown in  th e  T ab le . A fra g m en ta tio n  p a tte r n  
o f  t h i s  compound i s  su g g e s te d  in  F igu re 3 2 .
(9) Lyxose
Lyxose i s  an oth er a ld o p e n to se , h avin g  an OH group in v e r te d  
on C~2. The spectrum  o f  t h i s  compound as r e p r e se n te d  in  
F igu re 4 ,4 7  showed a sm a ll peak a t  = 151, which may w e ll
correspond to  th e p ro to n a ted  io n .
The major peaks ob served  in  order o f  abundance were a t  
m asses 73, 6 0 , 4 3 , 3 1 , 2 9 , 6 l ,  42 , 7 1 , 57 , 45 , 44 , 2 ?, 1 9  and 8 6 .
The spectrum  o f  t h i s  compound i s  s im ila r  to  th a t  o f  r ib c s e  in  terms 
o f  th e  f i r s t  th r e e  p eak s, but d i f f e r s  from th a t  o f  a r a b in o se ,
(10) R ibose
R ibose i s  an a ld o p e n to se  and an o p t ic a l  isom er o f  a ra b in o se
and ly x o s e .  The spectrum  o f  t h i s  compound i s  r e p r e se n te d  in
78F igu re 4 .4 8  a lon g  w ith  th e  spectrum  o b ta in ed  by Heyns , F igu re 4 , 3 8  
The spectrum  i s  s im ila r  in  v iew  o f  th e  r e p r o d u c ib i l i t y  l e v e l ,  
w ith  th a t  o f  ly x o s e .  The h ig h e s t  mass number appeared as a sm all 
peak a t  mass l49« Heyns o b ta in ed  a peak a t  150*
(11) L actose
L actose  i s  a d isa c c h a r id e  formed o f  m o le c u le s  o f  g a la c to s e  
and g lu c o s e . The spectrum  o f  t h is  compound was shown in  F igure 4 ,4 9 .
Two h ig h  mass peaks o f  u n c e r ta in  o r ig in  appeared a t  mass numbers 
1 7 3  and 1 9 1 . No r o u te s  by w hich th e se  cou ld  a r i s e  from th e  
sugar cou ld  be v i s u a l i s e d  and th ey  may be due to  d eg ra d a tio n  
products* O therw ise th e  spectrum  o b ta in ed  corresponded  to  th e  
spectrum  o f  th e  two m onosaccharides*
(12) Sucrose
Sucrose i s  an other d isa c c h a r id e  formed from a m o lecu le  o f  
g lu c o se  and a m o lecu le  o f  fr u c to se *  The spectrum  o f  t h is  
compound was shown in  F igu re 4* 50 and corresponded  to  the  
spectrum  o f  a m on osaccharide, s in c e  th e  h ig h e s t  mass number 
ob served  was a t m/e = 1 6 3 *
I t  i s  p rob ab le  th a t  a l l  d isa c c h a r id e s  fragm ent on e le c t r o n  
im pact and g iv e  fra g m en ta tio n  p a tte r n s  c h a r a c t e r i s t i c  o f  t h e ir  
c o n s is tu e n t  m onosaccharides*
( 1 3 ) G eneral Comments
I t  i s  c l e a r ly  d i f f i c u l t  i f  n ot im p o ss ib le  to  u se  m ass- 
sp ectro m etry  to  d i s t in g u is h  th e  v a r io u s  p e n to se s  or th e  v a r io u s  
h ex o ses  from each o th e r , p rob ab ly  th e  io n i s a t io n  p r o c e ss  d e s tr o y s  
th e  conform ation*
No sugars appear to  g iv e  a m o lecu la r  io n  peak* I t  i s
p o s s ib le  th a t  p en to se  io n s  are  s l i g h t l y  more s t a b le  in  th a t  
r? flHeyns o b ta in ed  a sm a ll peak a t  1 5  0 in  th e  mass spectrum  o f
r ib o s e  by e le c t r o n  im pact and a la rg ~  peak a t  151 by f i e l d  em iss io n
mass spectrom etry* The mass spectrum  o f  r ib o s e  o b ta in ed  by us
shoved no peaks a t  150  ^d 1 5 1  o n ly  sm a ll peaks a t  m asses 147, 149*
D isa cch a r id e  m a ss -sp e c tr a  are n o t d is t in g u is h a b le  e i t h e r  from each  
o th e r  or from m on osacch arid es. Presum ably th e  oxygen b r id g e  i s  
r a p id ly  d estro y ed  on io n is sa t io n  le a d in g  to  th e  ob served  peak a t  1 6 3  
Some e v id en ce  from g a la c to s e  su g g e sted  th a t  tra n s  
e l im in a t io n  o f  w ater i s  e a s ie r  than  c i s ,  a ls o  rharanose r e a d i ly  lo s e  
a m o lecu le  o f  w ater from th e  p aren t m o le cu le . C er ta in  e m p ir ic a l  
d if f e r e n c e s  betw een su gars cou ld  be ob served  but any attem pt  
to  u se  t h is  as a method o f  a n a ly s is  would be con fu sed  by 
in  b tm m e n ta l f a c to r s  and la c k  o f  r e p r o d u c ib i l i t y .
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191 - - - - - - - 5 .0 -
173 - - - - - - - - - ~ 2 .4 -
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133 S H9°5 « 2 . 9 8 2 .0 0 . 3 7 .9 1 .6 8 - 2 .3
•a*00 0 .4 5 4 .5 5
132 - - 0 ,4 5 - 2 .4 1 .1 2 ~ 2 .4 6 0 . 3 3 .1 -
1 3 1 C5H7°5 3 .5 - 3 .8 4 1 7 .5 5 .1 2 . 22 - - 11.76 6 .7
1 2 9 - 1 .3 ~ 0 .3 - - « - - - -
1 2 8 *» - 1 .0 - - - - - - - 2 .7 6 -
12? -> - - - - 1 .6 0 .9 8 - -- - 7 .6 -
1 2 6 - - - - 1 .7 7 .0 5 .6 7
121 - - ~ - 1 .6 0 .8 4 - - - - ~ -
119 1 ,8 4 .9 1 .7 2 0 .3 5 — 6 .2 2 .2 3 .8 2 .8 6 1 . 6 5 .2 3 .7
117 S V 3 3 .5 - - 3 .3 1 - - ~ - - -
116 - - - 2 ,4 8 - 4 ,7 6 0 .9 1 - - 3 .8 -
115 - - - - - 2 .4 1 .9 6 - 0 . 3 6. 9 -
114 - - - - - - 0 .9 8 1 . 0 3 .1
113 - - - - 2 .4 2 .6 - - - 5 .9
0H O ffi CO O U5 
•-
- 1 .5 4 - 1 . 8 5 3 . 2 1 . 8 2 - - - 0 .4 3.^6 -
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103 w ; 5 .0 2 6 * 6 2 .4 8 - 2 6 . 2 1 5 .7 8 . 1 1*4 2 . 2 3 0 . 42 30*4 10*3
1 0 2 C4H6°3 3 .3 0 . 8 4 .7 5 6 * 2 2 7 .7 5 .3 5 .5 3 .2 1 ,3 0 .6 5 1 3 .1 7 .5
1 0 1 w ; 4*1 1 . 0 4*75 0 .7 3 2 7 .7 4 .5 2 . 0 4*5 3 .6 7 1 . 85 9 .7 6 * G
1 0 0 S H8 ° 2 • 7 .5 - 3 .2 5 . / - - - „ - 1 * 0 -
99 - - - - - 2*4 - - - - - ~ 4*8
98 - 4*7 2 . 6 5 4 .7 5 - 11*0 1*4 - - - - 9 .7 4*8
97 — - 2 * 8 7 3 .1 6 - 10*7 2*4 - - - - 1 8 * 0 10*0
91 — 3 .1 1 .4 9 3 .0 2 .2 22* 3 3 .0 2 .3 6 4*9 3 .2 2*25 1 6 * 6 4*6
89 — - 1 .8 6 2 .3 1 * 2 12*0 U3 0 CO Ul 2*31 1 .8 1 . 1 1 1 ,8 6 . 0 -
88 - - 1 .0 - 0 .6 2*4 1 . 0 - - - - -
87
4
- 6# 0 2 .1 5 - X l# 1 3 .6 2 . 2 6 1*4 - 2 * 1 8 * 6 5 4*8
86 C4H6°2 5 .5 5 0 . 1 3 .1 - 1 8 . 2 1 7 .5 5 .5 5 9 .9 6 3 .5 1 1 * 1 14*9 1 6 * 8
85 — 6* 2 1 4 .9 4*97 3 .1 2 5 .4 2 5 .4 9 .8 2 .5 1* 86 2*1 4 7 .0 1 3 . 0
84 - - - - - 2 .7 7 1 .5 4 1 .5 4 - - - 4*8 2*7
83 - - 1.-22 0*9 1 .6 4*76 1 .5 4 - 1*1 ~ - 2*40 4*8
82 — - 2*12 - - - “* - - - - - -
81 — - 1*4 - - - - - - - - 4*8 5 .2
77 — - - - - 5 .1 5 8*2 2 .0 - - - 5 .2 9 . 2
76 -  - - ~ - - - 1*4 - - - -
75 - - 6 .6 1 .1 3 - 4*36 1 .8 - 0*9 - »• 2*4 -
74 C3 H6 ° 2 10*2 5 3 .2 10*8 8*2 3 0 .1 10*1 5 ,5 5 6*3 4*6 6*6 9 .0 1 1 .5
73 C3H5°2 100 35 100 80 88 100 37 .7 100 46*3 100 100 94*9
72 C3H4°2 5 .5 3 .7 4*9 5 .2 35 10*6 1 3 .5 5 .6 15 3 .7 7 .6 8*9
71 C3H3°2 2 0 .5  41*0 ;2 3 . 2 32 100 18*3 10*4- :1 9 .4 1 0 * 6 20*2 30*5 20
70 - 3 .7 6 > 4*15 4*7 1 5 .0 2*0 — 7 ,9 4*6
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69 — 5 .5 1 4 .0 6 . 1 2 .7 2 6 . 2 9 .1 3 .7 2 .9 1 .4 4 2 . 8 1 9 . 0 1 6 . 0
68 - 2 . 0 1 * 0 - 4 .0 4 .2 - 1 .7 - 2 . 6 5 6 .9 2 -*
62 - 2 .7 6 1 . 8 1 . 1 9 .5 - 3 .4 7 1 .0 5 2 .6 7 - - -
6 1 C2H5°2>2215 3 8 . 0 2 8 . 3 1 .9 8 8 . 8 31 3 8 .4 22.4 3 7 .6 1 3 . 6 50 37-8
60 C2H4°£I 63 1 0 0 77 1 0 0 8 8 . 0 35.7 3 2 .4  *6 6 . 3 5 1 .7 7 6 . 2 53 1 0 0
59 - - 3 .0 2 . 1 8 .5 1 1 .9 4.48 3 .7 5 1 .5 2 1 .5 4 2 . 0 5 -7 5 -8
58 W - 1 2 .7 6 3 ® 0 3 9 .4 1 5 . 0 - 4 .6 5 .5 2 .9 7 5 . 0 1 6 .3 1 2 . 2
57 W 3 0 . 2 7 1 . 0 28.5 2 8 .3 8 6 . 5 4 2 .7 1 X 8 1 8 . 1 9 .8 1 8 . 5 4 3 .6 91-4
56 C_H, 6" 
3 4 1 0 . 2 4 6 .5 15® 8 1 9 .6 5 5 .5 1 0 . 0 6 . 0 6 . 8 5 3 .6 4 .4 5 6 . 0 1 2 .5
55 C3H/ 1 1 . 2 2 6 . 0 13c 1 1 2 .9 5 0 . 8 1 1 . 34: 9 .0 9 .8 5 .1 5 8 , 2 5 1 7 .1 1 1 . 0
54 - -* 2 . 2 2 . 2 6 2 .3 9 .5 2 1 . 6 1 . 6 1 .7 1 , 0 8 1 .5 5 3-1 1 ,7 2
53 “ - 2 .3 4 1 .2 4 3 .0 3 .5 6 1 . 0 1 .3 - 1 . 0 1 .3 3 -8
49 - - - - 6 .7 4 5 .3 2 . 2 - - 4 .3 2 .3
47 - 4 .9 8 .3 6 . 5 6 9 .0 1 9 . 8 - 5 .5 2 . 1 2 6 .6 5 4 .7
46 - _ 2 .7 6 lo 35 - 5 .5 - - - - 1 .4 8 .4 7 -
4 5 co2h 1 7 . 6 . 0 1 . 7 8 394 7 9 .0 l 6 „ 1 1 3 .4  1 6 . 8 9 .6 1 7 .7 1 4 .5 1 0 . 9
44 c2h/ o 2 . 0 2 8 .7 1 8 .7 5.6 7 9 .4 2.24 2 2 . 7 1 6 , 8  1 7 . 8 1 9 . 0 2 4 .2 l l . l
43 c 2h 3° 3 7 .8 6 3 . 0  4 3 .3 48.2 9 0 .5 5 1 .1 7 0 . 0 4 0 .0 5 9 . 0 4 4 .1 7 3 .5 2 8 . 8
42 C2 H2 G 2 0 .7 1 8 .9 2 2 .4 2 8 .8 63=5 1 2 . 0 2 2 . 0 2 2 .4  3 0 .4 2 9 .7 2 0 . 7 19-3
4 l - 9 .4 2 0 . 0 9 .0 5 1 7 .3 3 3 .3 8 . 9 6 5 .3 4 .6 4 . 2 6 . 6 1 7 . 6 2 0 . 0
40 - - 2 .3 - 2 .3 3» 9 2 .4 2 .5 1 . 0 8  3 . 2 3- 4 2 .7
39 - 5 .6 1 0 . 8 0 . 9 1 0 .3 1 7 .5 4 .3 3 .2 4 .9 2 .4 5 .8 5 1 1 . 1 1 1 . 6
38 - - - 8 . 8 - - ~ - 4 .9 0 .9 2 . 0 -
33 - 2 .0 - - 1 4 .3 - 7 .8 5 .0 - - 7 -6 5 -8
31 +CH30 4 3 .3 43 7« 32 4 2 .4 8 6 .5 4 6 .4 100 3 1 . 6 100 4 6 .5 7 0 .6 4 8 .3
/ contd
2 1 5 .
0
i
w
m(8£ Fr
ag
me
nt
io
ns
Gl
uc
os
e
2-
De
ox
y
Gl
uc
os
e
Ma
nn
os
e
Rh
am
no
se
Ga
la
ct
os
e
Fr
uc
to
se
So
rb
os
e
: | L
yx
os
e
5 j ! A
ra
bi
no
se
! R
ib
os
e
La
ct
os
e
Su
cr
os
e
1
30 +CH2° - 3.8 6.2 15.87 5.0 9.25 5.6 10.0 7.0 5.16
29 +CH0 36 36 6„ 0 45.7 86.5 22.5 39.5 28.0 55.0 43,7 38.7 29.4
28 C2H4 11.0 26 2.0 12.9 27.7 9.94 14.8 4.8 5JL4 14.0 10.9 10#
27 - 11.5 25 2.5 25.0 43.6 9.66 10.6 13.3 - 16.9 10.7 -
26 - - 3.3 - 5.2 7.9 2.8 3.75 3.0 - 4.35 - -
19 - 19.9 24 . - 3.2 63.0 12.2 10.4 13.1 ~ 17.5 7.6 6.1
18 h 2° 16.6 8.9 3.7 150 88 81 36 22 95 25.0 33.6
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C O N C L U S I O N S
1. Solid dried glucose will react with solid dried 
valine at a measurable rate sti temperatures around X19°G - X34°C, 
and the rate of reaction seemed to reduce with increasing humidity,
2. The major gaseous products of this reaction are 
water, carbon dioxide and isobuty r a Xdehyde. The carbon dioxide 
was shown by labelling experiments to arise from the carboxyl 
group of the valine.
3. The reaction occurred below the melting point of 
either reactant, e.g. at X19°G which is well below the melting 
points of glucose and valine. Electron microscopy as well as 
optical microscopy with a heated sub-stage showed that the reaction 
occurs on the surface of the glucose crystals. The reaction
does not go to completion because a solid inert product is
produced at the interface of the crystals and this inhibits the
reaction.
It is suggested that the reaction up to this stage proceeds
via a Strecker degradation, producing the aldehyde, 00^ and water.
Further slow reaction might occur by diffusion of reactants 
through the layer of solid product, or probably by the straight­
forward thermal degradation of glucose.
4. The rate of reaction was followed both by measuring 
the weight loss by the reaction and by measuring the pressure of 
gases evolved. The results agree moderately well.
Both sets of reaction curves are sigmoid in shape but 
levelling off does not correspond to the reaction going to
completion. If the reactants after reaction ceases, are ground 
up together, the reaction will start again, and analysis shows 
unreacted valine,
5. The activation energy of the reaction liras about
34 kcal/mole and, contrary to the accepted theories of solid-solid 
reaction, did not vary with particle size. The heat of reaction 
was estimated from thermochemical data as about 29 kcal/mole 
esothermiG.
6. The concept of order has little meaning in solid-solid 
reactions. Nonetheless some idea of the influence of amounts
and concentrations of reactants on rate can be given by the 
statement that the reaction was roundabout first order for 
glucose and one half order for valine.
7. The kinetic curves showing the rates of reaction 
were analysed on the basis ox a large number of models proposed
K Oin the literature (e.g. Jander, kinetic equations based on 
the concept of an order of reaction lin(X~oc)n = let, GinstXing~ 
Brounshtein,^ Prout and Tompkins,^ 2 Avramie and Erofeyev 
Some of the results fitted well to the theories of Avrami and 
Erofeyev. In particular good results were obtained using the 
gas line results and the equation of Avrami and Erofeyev for 
the build up of flat nuclei on the crystal surface. This
appears a reasonable model of the reaction.
On the other hand, che thermogravimetric balance results
•fitted better to the model for cylindrical nuclei* It is clear 
that in so complex a reaction as this, it is not easy to 
distinguish between the various reaction mechanisms giving rise 
to sigmoid curves* Nonetheless, it appears likely that the 
reaction occurs via nuclei formed at points where the valine 
crystals come into contact with the surface of the glucose 
crystals and that these nuclei spread and ultimately merge.
8* The gaseous products from the reaction of other 
(X-amino acids with glucose correspond to those of glucose/valine 
except for glycine; that is the major products are water, carbon 
dioxide and the aldehyde obtained by decarboxylation and deamina­
tion of the amino acid* The rates of the above reactions were 
found to be similar to one another* It appears that the rate 
rises considerably for the reactions between glucose and the 
corresponding (3 and y amino acids (e*g. [3 alanine, and (3 and y 
amino butyric acid). It is suggested that this could be due 
to their having higher Pk acxd values than the corresponding 
(X amino acids* Traces of acetic acids, acetone and furfural 
were observed in the case of the lower amino acids*
9. Some investigation was carried out of the less 
volatile products of the glucose-valine reaction* Products 
found in the solid and sublimed product were carbonyl compounds 
of molecular weight 144 and l8l. These suggested that the
reaction might undergo a reaction analogous to that suggested
64  ^ 65by Simon and Heubach as well as Hodge, Nelson and Fisher for
the reaction between secondary amine salts and glucose in the 
xoresence of an acid catalyst.
Minor products found in the glucose/valine reaction 
were acetic acid, a nitrogen compound of mass 183 and a carbonyl 
compound of mass 84, the amount of acetic acid went through a 
peak as the temperature was raised. Other unidentified mass- 
spectrometer peaks were found at mass ?4, 1?4, 207, 256. Some 
of these appear to be products of the thermal degradation of 
glucose.
10. The main gaseous products from the reaction between 
glucose, (3 and y amino acids were water and CO . No aldehydes 
due to degradation of amino acid were obtained. Acetone and
3-penten-2-one were identified from the reaction between glucose 
and 3■’amino-butyric acid. These are probably glucose degradation 
products.
Furfural was proved to be produced from the reaction 
between glucose and 4-amino-butyric acid. Some keto compound 
moities, such as acetone, ethylmethyl ketone, and methyl-n-propyl 
ketone were identified from the above reaction.
There was some evidence that furfural occurred in small 
quantities in the reaction of other amino acids. This was 
surprising since hexose would be expected to lead 5~hydroxymethyX 
furfural and not the lower molecular weight material.
11. The amount of water produced in the glucose/valine 
reaction corresponded seven molecules of water for every molecule
2 2 1  „
of aldehyde produced. This proves what is suggested by the number 
of minor products, that is that simultaneously with the decarboxy­
lation and deamination of the valine, the glucose is undergoing 
thermal degradation probably catalysed by amino acid.
This is supported by the fact that in mixtures containing 
excess glucose, some reaction continues for a long time after 
valine appears to have stopped reacting,
12. Mass spectra were obtained of a number of hexoses, 
pentoses and disaccharides. The disaccharide spectra were 
undistinguishable from those of hexoses, and though hexoses and 
pentoses could be distinguished, the various optical isomers could 
not. Certain empirical differences between the sugars could 
be observed, but any attempt to use them as a method of analysis 
would be confused by instrumental factors and lack of reproducibility,,
13# The main peaks obtained from all sugars occur at 
m/e values of 73? 60, 31, These are presumably due to the 
ions HO -  CH = CH—  CH = fe, [HO —  CH = CH —  OH] + and [CHgOH]* 
respectively. Other ions correspond to the loss of OH and 
CH^OH from the parent molecule ion, and the loss of a number of 
molecules of water from the resulting fragments. Fragmentation 
patterns were proposed to account for the main peaks.
The feg,OH ion might be thought to arise from fission of the 
hydroxymethyl group in the C-6 carbon. This was shown not 
to be so because it is also a major ion in the spectrum of 
rhatnruce (which has a CH^ in C-6 position). It has presumably 
arisen by a number of fragmentations particularly of the ion at 
mass 60.
SUGGESTIONS FOR FURTHER WORK
(.1) Some of the problems in the study of the kinetics,
such as the areas of surface contact and the degree of mixing
could be reduced if a standard pellet making apparatus was 
available* Other variables such as a uniform position for 
pellets to ensure constant heating of different samples could be 
employed*
More detailed studies of the evolution of water are
clearly desirable, as is more comparative work on the thermogravi­
metric balance and gas line* It would also be useful to study 
the catalytic effect of other added solids which would alter 
the pH*
(2) More detailed studies using cine-photography in 
conlit^ :Ction with optical microscopy could cast light on the 
role of the layer of inert product.
(3) The use of a mass spectrograph linked to a G0LoC* 
column rould certainly give more detailed information as to the 
identity of the minor products.
(4) The building of the MIDAS computerisation unit on 
to the departmental mass s£>ectrometer should allow more detailed 
work by repetitive scanning on the somewhat irreproducible
sugar spectra to see If significant differences exist between them*
(5) The use of the direct insertion probe on the mass 
spectrometer as a reaction chamber gave disappointing results. 
Given a water cooled ion block and a computerized output from 
the spectrometer, significant low temperature reaction products 
should be detectable.
(6) The major outstanding problem of the thesis is 
what happens to the nitrogen atom which remains in the largely 
unidentified solid products. Its location presents an 
interesting problem in organic chemistry.
APPENDIX I„
D a t a  o b t a i n e d  f r o m  s t r a i g h t  p a r t  o f  k i x  e t i c  c u r v e s  o n  t h e  g a s  
t i m e  t o  c a l c u l a t e  a c t i v a t i o n  e n e r g y  f o x  t h e  m e s h  n u m b e r s  2 0 0 ,  
1 5 0  a n d  1 0 0 .
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134 407.16 I 5.45| 0.736 2. 456x1 0~3j
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